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Two series of experiments were conducted in this study to
investigate the effects of various neonatal lesions on the
uncrossed retinofugal projections in albino rats. The first set
of experiments was mainly to determine the effects of neonatal
unilateral eye enucleation, thalamic lesion and the combination
of the two neonatal lesions upon the uncrossed optic projections
by comparing the number and distribution of ipsilaterally
projecting retinal ganglion cells (IPRGCs) recorded in normal
rats and rats with neonatal lesions, using the fluorescent dyes
Fast Blue and Granular Blue as neuronal markers. The second
series of experiments was designed to investigate how the normal
and anomalously enlarged uncrossed projections induced by
neonatal lesions are developed on the basis of the number,
density and areal distribution of the IPRGCs. The neuronal
marker used was a mixture of HRP and WGA-HRP which could label
distinctly the developing IPRGCs.
In the retrograde fluorescent labelling experiments, it was
shown that unilateral eye removal and thalamic lesion made at
birth both resulted in an increase in number of IPRGCs.
However, a larger increase in the number of labelled cells was
observed in the nasal retina in rats with eye removal whereas a
more significant increase of IPRGCs was found in the temporal
crescent in rats with thalamic lesion, when compared with those
observed in normal rats. Furthermore, it was shown that the
effects of the two neonatal lesions upon the preservation of
IPRGCs was additive, as evidenced by a further increase in
number of labelled IPRGCs found in both the temporal crescent
and nasal retina in rats with both lesions performed at birth.
Based on these observations, it was suggested that the two
neonatal lesions probably preserved two different populations of
IPRGCs which existed only transiently during normal development.
The development of the normal and anomalous uncrossed
retinofugal projections was studied using HRP and WGA-HRP as
neuronal tracers. A continuous loss of IPRGCs was observed in
normal rats during the first five postnatal days, which agreed
well with previous findings in the rat (Jeffery, 1984) showing
that the excess number of IPRGCs found on the day of birth was
eliminated during the period of cell death in early postnatal
stage so that the adult number of ganglion cells and thus the
size of uncrossed retinal projections in adult rats could be
achieved. In contrast, the number of IPRGCs in rats with either
eye removal or thalamic lesion increased abruptly and peaked on
postnatal day 1, thereafter the number decreased rapidly until
day 5 and reached the adult level of cell number, which was
significantly higher than the value found in normal rats with
corresponding age. The differential effects of the two neonatal
lesions on the developing IPRGCs were also observed as
relatively more cells were found in the nasal retina in
monocularly enucleated rats, while in rats with thalamic lesion,
the increase in cell number was more significantly in the
temporal crescent. Further evidence supporting the differential
effects of the two neonatal lesions were provided by the
observations that a major increase in density of IPRGCs in the
nasal retina was found in enucleated rats on day 2, especially
in the upper half of nasal retina, but not in rats with thalamic
lesion in which a continuous decrease in cell density was
generally observed in the nasal retina. It was interesting also
to find that the increase in number of IPRGCs in the temporal
crescent was accompanied by an expansion of the temporal
crescent, as if the initially much crowded ipsilaterally
projecting ganglion cells endeavoured to occupy more retinal
spaces for growth of their dendritic trees, which resulted in
maintaining a constant density of IPRGCs within the temporal
crescent similar to that found in the normal animals.
These findings indicated that the formation of aberrant
uncrossed retinofugal projections is in fact very complicated.
The results showing that there was a significant increase in
number of IPRGCs following the neonatal lesions suggest that the
lesions not only result in a retention of transiently existed
IPRGCs but may also involve other possible mechanisms such as
rerouting of late coming fibers, compensatory sprouting of
ipsilateral branches of bilaterally projecting retinal ganglion
cells and collateral sprouting of contralateral projecting
fibers. The roles of cell-cell interactions at various level of
the visual pathways, such as the binocular competition between
the optic axons in the target structures, axonal interaction at
the optic chiasm or dendritic competition between the retinal
ganglion cells within the developing retina may all participate
in determining the generation of normal and anomalous uncrossed
retinofugal projections.
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CHAPTER 1 GENERAL INTRODUCTION
1.1 The visual system in general
The visual system in vertebrates consists of a set of
neural structures which are specialized for the perception of
visual image and processing of visual information to initiate
appropriate motor responses. This system has been studied
extensively over the past several decades with regard to its
connectivities, physiological properties, development and
plasticity (for review see Lund, 1978).
In general, light rays impinging upon the retina will
trigger a series of electro-chemical changes which are converted
to nervous impulses within the retina. The neurons which are
responsible for transmitting the nervous impulses from the
retina to the brain are called retinal ganglion cells. This
group of neurons, found in the ganglion cell layer of the
retina, is in fact very heterogeneous. They can be divided into
a variety of morphological and functional types, based on their
soma sizes, dendritic patterns, conduction velocities and
receptive field properties (Boycott and Wassle, 1974; Fukuda and
Stone, 1974; Perry and Walker, 1980; Wassle et al., 1981a and
1981b; Fukuda et al., 1984). The axons of the retinal ganglion
cells group together and form the optic nerve which proceeds
centrally towards the brain through the optic foramen. The
optic axons, like the retinal ganglion cells, can again be
classified into at least three functional types according to
their different conduction velocities (Chang, 1956; Fukuda,
1971; Stone and Freeman, 1971). The optic axons from two eyes
encounter each other at the optic chiasm, a cross-like structure
on the ventral surface of the diencephalon, before they continue
in the optic tracts which curve round the ventrolateral surfaces
of the brainstem.
The retinofugal fibers, depending on their connectivities
or target structures, can be divided arbitrarily into three
groups. The first group consists of retinogeniculate fibers
which terminate in the lateral geniculate body in the thalamus,
from which the nervous impulses are relayed via the
geniculocortical fibers to the visual cortex, the highest visual
center of the brain. The second group comprises retinotectal
fibers which project to the superior colliculus (or optic tectum
in submammalian species) in the midbrain. Retinal input to the
superior colliculus is integrated with other sensory inputs such
as those originating in the somatosensory and auditory
structures, and the outflow is conveyed through the tectobulbar
and tectospinal pathways to mediate appropriate movements of the
eyeball and head. The optic fibers of the third group project
to a number of accessory optic nuclei located in the
hypothalamus and the brainstem. While the function of some of
the nuclei remains unclear or controversial, the pretectum and
suprachiasmatic nuclei have been shown to be involved in the
light pupillary reflex and the cyclic circadian rhythm
respectively.
1.2 Laterality of retinofugal projections
One pertinent feature of the retinofugal projections is
that optic axons, like fibers of many other central neural
connections, may project to the opposite or same side of the
brain. The extent of decussation varies however from one
species to another. In submammalian species such as fish and
frog, the optic axons cross completely or almost completely at
the optic chiasma and terminate in the contralateral visual
targets (Gaze and Jacobson, 1963; Gaze and Keating, 1970;
Murray, 1976; Sharma, 1972; Jen et al., 1983). In small
laboratory animals such as rat, mice, hamster, guinea pig,
rabbit and squirrel, the uncrossed fibers constitute a very
small percentage of the entire population of optic axons (rat:
Lund, 1965; Lund et al., 1980; Jeffery, 1984; mice: Guillery et
al., 1973; Drager and Olsen, 1980; hamster: Hsiao, 1984; guinea
pig: Jen et al., 1983; rabbit: Chow et al., 1973; Provis and
Watson, 1981; squirrel: Guillery and Kaas, 1974). Most optic
fibers enter the contralateral optic tract. However, in mammals
of higher phylogenetic orders like the cat, ferret, monkey and
human, a progressively larger proportion of the retinofugal
fibers project to the ipsilateral visual targets (cat: Stone,
1966; Guillery and Kaas, 1971; ferret: Guillery, 1971; Morgan
and Thompson, 1985; Morgan et al., 1987; monkey: Stone et al.f
1973; Guillery et al., 1984; and human: Guillery et al., 1975).
In primates, optic axons arising from the nasal or medial half
of the retina project to the contralateral side of the brain
whilst those in the temporal or lateral half of the retina
project to the ipsilateral visual structures. The naso-temporal
division of retina in these animals is defined by the vertical
meridian which bisects the retina into nasal and temporal
halves.
L.3 Uncrossed retinofugal projections in the rat
The retinofugal projections in rat, as in other rodent
species described above, are predominantly crossed. The
uncrossed projections are usually small and restricted to
limited regions in the retinorecipient nuclei. For example, the
uncrossed retinogeniculate projection to the dorsal lateral
geniculate nucleus terminates mainly in the medial portion and
extends caudo-ventrally through the rostral three quarters of
the nucleus (Lund et al., 1974; Lund, et al., 1976; Reese and
Cowey, 1983; Reese and Jeffery, 1983; Reese, 1985). Depending
on the strains of rat, the retinofugal projection can be patchy
in appearance. The remaining of the dorsal lateral geniculate
nucleus is occupied by the crossed optic axons. Similarly, the
uncrossed retinotectal fibers distribute sparsely in the stratum
opticum in the rostromedial region of the superior colliculus in
the adult rat while the crossed fibers spread throughout the
superficial layers of the nucleus including the stratum opticum,
stratum griseum superficiale and stratum zonale (Lund and Lund,
1975; Lund et al., 1976; Land and Lund, 1979; Lund et al.,
1980).
In the rat, the ipsilaterally projecting retinal ganglion
cells (IPRGCs) which give rise to the uncrossed retinofugal
projections can be located in the entire area of retina,
although the majority of them are distributed in a slender strip
in the periphery of the lower temporal retina (Lund and Lund,
1973; Lund and Lund, 1976; Perry and Cowey, 1979). This region
where the IPRGCs are densely populated is called the temporal
crescent which occupies about 12% to 20% of the total area of
retina in various strains of rat (Jeffery, 1984). The central
border of the temporal crescent which represents the vertical
meridian of the visual field can be recognized and defined in
preparations in which the IPRGCs are retrogradely labelled. The
remaining 5% of the total population of IPRGCs scatter in the
retinal regions outside the temporal crescent. This portion of
the retina is referred to as the nasal retina in this study.
Such a distribution pattern makes it possible for studying the
changes of different population of retinal ganglion cells
according to their location in the temporal crescent or nasal
retina.
1.4 Plasticity of the uncrossed retinofugal pathways
Neurons in the central nervous system are normally
connected with their targets in a specific manner, as if they
are genetically programmed. However, it has been shown in
recent years that those appear as rigidly programmed connection
patterns can be altered by experimental manipulations. This is
best demonstrated in the uncrossed retinofugal system in which a
dramatic change in its projection patterns has been reported
after various unilateral lesions performed at early stages of
development.
In rat with one eye removed at birth, the retinotectal
projection instead of distributing in the anteromedial portion
of the superior colliculus expands and covers almost the entire
area of the nucleus (Lund and Lund, 1973; Lund and Lund, 1976;
Miller and Lund, 1975; Lund and Miller, 1975; Lund et al., 1980;
Jen and Lund, 1981; Reese, 1986). Similarly, enlargment of the
uncrossed retinogeniculate projection has also been observed in
unilaterally enucleated rat (Lund et al., 1973; Jeffery, 1984;
Manford et al., 1984; Reese, 1986). In fact, it has been
reported by Jeffery (1984) that the volume of terminal field of
the uncrossed retinogeniculate projection increased from 14% in
normal rats to 75% in the unilateral enucleates. Similar
phenomenon has also been observed and confirmed in a number of
other mammalian species, including the golden hamster (Hsiao and
Schneider, 1980; Jen et al., 1984; So et al., 1984; Woo et al.,
1985), rabbit (Chow et al., 1973; Chow, 1981; Grigonis et al.,
1986), opossum (Sanderson et al., 1978; Lent and Mendez-Otero,
1980; Mendez-Otero et al., 1986) and cat (Chalupa and Williams,
1984).
The enlargement of terminal field of the aberrant uncrossed
optic projections induced by neonatal eye removal, according to
studies in a variety of species (rat: Jeffery and Perry, 1982;
Linden and Serfaty, 1985; mice: Godement, 1984; hamster: Hsiao,
1984; Insausti et al., 1984), is probably due to persistence of
a more extensive uncrossed projection observed in neonatal
stage. This is supported by two lines of evidence. The first
one comes from anterograde labelling studies of the retinofugal
projections in both prenatal and postnatal stages of rats (Land
and Lund, 1979; Maxwell and Land, 1981; Bunt et al., 1983). It
has been shown that at the time of birth, the uncrossed
retinotectal and retinogeniculate projections occupy initially
an extensive area within their targets and the projections
overlap substantially with those originating in the opposite
eye. This is followed by a period of retraction and segregation
of the terminal field of the uncrossed projections in the first
few postnatal days so that the specific adult patterns are
formed. Based on these findings, it is suggested that the
enlargement of the uncrossed optic projections following removal
of one eye at birth is actually a result of retention of the
more broadly distributed but normally transient neonatal
projections. This suggestion is supported by another series of
developmental study in the rat done by Jeffery (1984). It was
found that the number of retrogradely labelled IPRGCs decreased
continuously in the normal hooded rat in the first five
postnatal days. These findings indicate that many of the IPRGCs
are transient in nature and they are normally eliminated during
development. However, the loss of IPRGCs can be reduced or
prevented if one eye is removed at early postnatal time. This
together with the observation of an increase in the number of
axons in the remaining optic nerve in animals with early
unilateral eye removal suggest strongly that binocular
interaction plays an important role in determining the final
number of retinal ganglion cells constituting the uncrossed
retinofugal projections in an animal (Rakic, 1981; Rakic and
Riley, 1983a and 1983b).
Other studies in rodents showed that anomalously enlarged
ipsilateral retinofugal projections can also be induced by other
surgical manupilations performed in neonatal stage. For
example, unilateral ablation of the superior colliculus in
neonatal rat has been shown to cause severe cell loss in the
contralateral retina (Perry and Cowey, 1979; Perry and Cowey,
1982) but a concurrent increase in number of IPRGCs in the same
retina from which the enlarged uncrossed retinal projections
arise (Linden and Perry, 1982; Perry and Linden, 1982). These
results not only indicate that enlarged uncrossed retinofugal
projections can be induced by ablating the contralateral visual
centers but also lead to a different hypothesis (Perry and
Linden, 1982) which states that the intraretinal dendritic
competition may play a role in regulating the cell death in the
developing retina, which in turn determines the final number of
ganglion cells and therefore the size of the uncrossed
retinofugal projections.
It has also been shown in the hamster and rat that
unilateral tectal lesion performed in newborn animals may result
in the formation of an aberrant recrossed retinotectal
projection and sprouting of optic fibers into the nucleus
lateralis posterior ipsilateral to the lesion (Schneider, 1973;
So and Schneider, 1976; Baisinger et al., 1977; So and
Schneider, 1978; So, 1979; Jen et al., 1986). Based on these
observations, Schneider and his colleagues (Schneider, 1973;
Devor and Schneider, 1975) proposed that the total quantity of
axonal arborization of a developing neuron could be maintained
by compensatory sprouting of intact axonal branches when the
other terminal branches are interrupted by lesions during early
development. Thus, it is possible that an unilateral neonatal
lesion such as tectal ablation or thalamectomy (Jen and Lund,
1981) may damage the contralateral projecting axons of a
population of bilaterally projecting retinal ganglion cells,
resulting in retention of their ipsilateral branches which would
have retracted during development if the contralateral branches
survive. Whether this is true however remains to be confirmed
by further investigation.
1.5 Development of the uncrossed retinofugal pathways
A general phenomenon observed in the developing central
nervous system is that there is at first an overproduction of
neural elements which is followed by elimination of the excess
neurons and their axons so that the adult patterns of neural
connections can be achieved.
This phenomenon has been well documented in a number of
central pathways, including the callosal connection of the cat
(Koppel and Innocenti, 1983), and the corticospinal tracts in
the hamster (Reh and Kalil, 1982) and rat (Schreyer and Jones,
1988). In general, about one-third to more than one-half of a
particular population of neurons would be eliminated before the
adult pattern is achieved. For example, about 60% of the
retinal ganglion cells and their axons in chicken degenerate
during development (Rager and Rager, 1978). Similarly,
approximately 60% of the isthmo-optic neurons in the chicken
will be eliminated before hatching (Cowan and Wenger, 1968;
Clarke and Cowan, 1976; Cowan and Clarke, 1976; Clarke, 1985).
Comparable results have also been observed in the parabigeminal
nucleus in developing rats (Linden and Perry, 1983; Linden and
Pinon, 1987). More than one-third of the neurons are lost
during the first two postnatal weeks (Linden and Pinon, 1987).
The development of the retinofugal pathways in mammals also
follows this rule, that is an initial overproduction of retinal
ganglion cells followed by elimination of the excess number of
cells or axons during early postnatal development. Evidence of
this arises directly from a large number of studies showing a
significant loss of retinal ganglion cells and optic axons in
developing animals (rat: Linden and Perry, 1982; Lam et al.,
1982; Potts et al., 1982; Perry et al., 1983; Sefton and Lam,
1984; Crespo et al., 1985; Beazley et al., 1987; McCall et al.,
1987; hamster: Sengelaub and Finlay, 1981; Sengelaub and Finlay,
1982; rabbit: Robinson et al., 1987; cat: Ng and Stone, 1982;
Chalupa and Williams, 1984; Williams et al., 1986; Wong and
Hughes, 1987; marsupial quokka: Beazley and Dunlop, 1983; Dunlop
et al., 1985; Braekevelt et al., 1986; monkey: Rakic and Riley,
1983a and 1983b; and human: Provis et al., 1985a and 1985b;
Provis, 1987) and indirectory from the observation of pyknotic
or degenerating profiles in the developing retina (Cunningham et
al., 1982; Giordano and Cunningham, 1982; Dreher et al., 1983;
Perry et al., 1983; Penfold and Provis, 1986; Beazley et al.,
1987; Provis, 1987; Horsburgh and Sefton, 1987).
The phenomenon of naturally occurring cell loss is further
supported by the retrograde labelling studies on the changes in
number of IPRGCs during the postnatal growth in rat and mice
(Land et al., 1981; Jeffery and Perry, 1982; Linden and Perry,
1982; Godement, 1984; Jeffery, 1984; Linden and Serfaty, 1985).
It has been shown that a substantial number of retinal ganglion
cells project ipsilaterally at birth. However, the number of
IPRGCs decreases rapidly over the next few days after birth. By
the end of the first postnatal week, the number of labelled
IPRGCs approaches the adult level. Such a gradual reduction in
the number of IPRGCs in rodent species correlates well with the
findings from anterograde tracing studies showing a retraction
of the uncrossed retinofugal projections in the target
structures during the first week of development (Land and Lund,
1979; Maxwell and Land, 1981). As described above, some of the
transiently existed IPRGCs can be preserved into adulthood by
various surgical manipulations such as monocular enucleation,
optic tract lesion or tectal lesion made at birth, presumably
due to diminished competition in the retina or in the target
regions. Nevertheless, it remains unclear as to how the
different neonatal lesions affect the developing IPRGCs and
whether they result in retention of different subpopulations of
ipsilateral cells.
Another issue which has to be pointed out here is that the
processes of cell death and retraction of exuberant projections
have been considered as important factors involved in
establishing the topographical organization of adult neural
connections. The retraction of the widespread neonatal
distribution pattern of the uncrossed retinofugal projections to
form the specific and segregated adult termination pattern has
been demonstrated in a number of mammalian species using the
anterograde labelling techniques (So et al., 1978; Bunt et al.,
1983; So et al., 1984; Edwards et al., 1986). Moreover, the
process of elimination of excess retinal ganglion cells is
commonly believed to be responsible for establishing the adult
retinal topography (rat: Dreher et al., 1984; Perry, 1984;
McCall et al., 1987; cat: Chalupa and Williams, 1984; Lia et
al., 1987; Wong and Hughes, 1987a and 1987b; human: Provis et
al., 1985b; Provis, 1987), though other factors such as
differential growth of the retina and intra-retinal migration of
retinal ganglion cells cannot be ruled out. Therefore, this
issue is remained controversial and clearly needs to be
investigated further. The uncrossed retinofugal system is
definitely one of the best models.
1.6 Aim of the studv and exDerimental design
The aim of this study is to investigate the effects of
various neonatal lesions upon the ipsilaterally projecting
retinal ganglion cells (IPRGCs) which give rise to the anomalous
uncrossed retinofugal projections in developing and adult albino
rats. Attention is given to the changes of the IPRGCs in the
retina with respect to the number, density and distribution of
these cells under normal conditions and in cases in which the
developing visual pathways are disturbed surgically by various
neonatal lesions. The results of these studies may provide some
insight into factors that determine the development of a well
characterized population of neurons and their connections in the
mammalian central nervous system.
The uncrossed retinofugal projections in the Sprague-Dawley
albino rats are chosen as a model in these studies simply
because they are small and plastic. The uncrossed retinofugal
projections are considerably smaller than the crossed
projections and the IPRGCs are among some of the most well
characterized neuronal populations in the central nervous
system. This together with the fact that the cells are
distributed primarily in the temporal crescent are advantages of
this system for assessing the experimentally induced changes
which would otherwise be difficult to visualize in other models,
such as the crossed retinofugal projections. Furthermore, the
short gestational period (normally 21 days) and time required
for the brain to mature (about 4 weeks) make it possible to
study the development and plasticity of the uncrossed
retinofugal pathways in a large number of animals within a short
period of time.
This study consists of two series of experiments. The
first series is designed for comparing the effects of various
neonatal lesions on preservation of the IPRGCs in adult albino
rats. The neonatal lesions used in this study include monocular
enucleation, unilateral optic tract lesion, and both lesions
done simultaneously at birth. The second series of experiments
is aimed at investigating the effects of neonatal monocular
enucleation and unilateral optic tract lesion on the developing
uncrossed retinofugal pathways. The number, density and
topography of the IPRGCs at various postnatal stages will be
examined.
CHAPTER 2 ADDITIVE EFFECTS OF UNILATERAL NEONATAL EYE
ENUCLEATION AND THALAMIC LESION ON PRESERVATION OF
IPSILATERALLY PROJECTING RETINAL GANGLION CELLS IN THE
ALBINO RAT
2.1 Introduction
In the rat, the retinofugal projections are mainly crossed.
The uncrossed projections are normally small and restricted to
small regions in various subcortical visual centers such as the
lateral geniculate nucleus and the superior colliculus. However,
if one eye of the rat is removed at the time of birth, the
uncrossed retinotectal and retinogeniculate pathways in the
animal will enlarge to cover a much larger area or volume of the
target structures (Lund and Lund, 1973; Lund et al., 1973;
Manford et al., 1974; Lund and Lund, 1976; Jen and Lund, 1981;
Reese, 1986). Since it has also been demonstrated in the rat
that the normally restricted distribution pattern of the
uncrossed projections are developed from a relatively more
extensive neonatal pattern by a gradual reduction in the extent
and density of the projections during early postnatal time (Land
and Lund, 1979; Jeffery, 1984; Manfold et al., 1984), the
suggestion is that what appears as enlarged uncrossed
projections may actually reflect the more extensive neonatal
pattern which is arrested by the unilateral eye removal. This
is supported by results obtained from a number of retrograde
labelling studies. For example, it has been shown that the
number of ipsilaterally projecting retinal ganglion cells
(IPRGCs) is considerably higher in newborn rats than in adults,
and the number decreases rapidly in the first few postnatal days
to attain the adult number (Land et al.f 1981; Jeffery, 1984).
Also, the loss of the IPRGCs can be reduced, but not entirely,
by enucleating the opposite eye at birth (Jeffery and Perry,
1982; Jeffery, 1984; Linden and Serfaty, 1985).
As described in previous section, anomalously enlarged
uncrossed retinofugal projections have also been observed in
rats which received unilateral tectal lesion or thalamectomy at
birth (Jen and Lund, 1981; Linden and Perry, 1982; Perry and
Linden, 1982). The enlargement of the uncrossed retinal
projections, according to Perry and Linden (1982), is mainly due
to an increase in the number of IPRGCs, and is therefore very
similar to that observed in unilateral enucleated animals.
However, it has been shown that the effects of the monocular
enucleation upon the uncrossed retinofugal projections can be
enhanced by a thalamic lesion performed at the same time when
the eye is removed (Jen and Lund, 1981), thus raising the
question of whether the effects of the two neonatal lesions upon
IPRGCs are additive. This question has been answered in part in
a recent retrograde study by Linden and Serfaty (1985) who used
the horseradish peroxidase (HRP) as a neuronal marker. Their
results showed that in the hooded rat a significant increase in
the number of IPRGCs could be observed in rats with either
unilateral eye removal or thalamic lesion when compared with the
normal animals. However, no significant difference in the
number of labelled IPRGCs was found between the unilateral
enucleates and rats which received both lesions at birth, though
differences in the distribution and cell-body size spectrum of
IPRGCs following single lesions were clearly demonstrated. The
finding of a lack of significant difference in the number of
IPRGCs between unilaterally enucleated rats and rats with double
neonatal lesions is however different from the preliminary
results obtained in the albino rats which show that the number
of IPRGCs labelled in animals with double lesions is much higher
than those in animals with single lesion alone (Jen, unpublished
observations). Since the implications of results obtained in
hooded and albino rats could be quite different, we decided to
reinvestigate this issue by comparing the numbers of IPRGCs
observed in normal albino rats and in those rats with various
neonatal lesions using the fluorescent dyes as retrograde
neuronal markers (Bertivoglio et al., 1980; Kuypers and Huismar,
1984). The number of uncrossed optic fibers in the optic nerves
in some of the experimental animals was also counted using
electron microscopy as a baseline for comparison with the
results obtained from the retrograde labelling studies.
2.2 Materials and Methods
Ten litters of Sprague-Dawley albino rats were used in this
study. The newborn rats were divided into four groups. The
first one received no operation and served as normal controls
(N). The second group of animals (E) received left eye removal
and the third one (T) had their left thalamus removed on the day
of birth (designated as day 0 throughout this study). The last
group of rats (TE) received both unilateral eye enucleation and
thalamectomy simultaneously on the left side of the brain on day
0 (Fig. 2.1).
2.2.1 First operations at birth
All newborn albino rats were anaesthetized by ether within
12 hours after birth. The neonatal lesions were performed under
a dissecting microscope (Nikon SMZ-10) equipped with fiber optic
light illumination. Animals in E group had their eyelids
slitted open by a surgical blade and the left eyes were removed
with a fine forcep. Thalamic lesion in T group animals was made
after an incision of the scalp and the cartilaginous skull at
the left caudolateral portion of the head just anterior to the
transverse venous sinus. A window was opened by reflecting the
skull and the meningeal membrane. The underlying cerebral
cortex and white matter, together with the hippocampus were
aspirated by a glass pipette connected to a suction pump. The
Fig. 2.1 Schematic diagram illustrating the uncrossed
retinofugal projections in normal rats (N), rats with
either neonatal monocular enucleation (E) or
unilateral thalamectomy (T), and rats with double
lesions simultaneously at birth (TE). OT: optic
tract; star: site of fluorescent implant at the level







posterior thalamus was thus exposed arid a large portion of it
was removed by aspiration under visual guidance so as to ensure
complete transection of the optic tract at the left side of the
brain. A piece of gelfoam was then placed in the lesion site
and the scalp was sutured by the surgical thread. Animals which
received double lesions were operated in similar ways as those
with single lesions, with the unilateral thalamectomy performed
before the eye removal. After the operations, the rat pups were
kept and recovered in warm environment before they were returned
to their mother for rearing until the time of second operations.
2.2.2 Second operations for fluorescent labelling in adult
stage
After 5 to 6 weeks, the normal rats and most of the
operated rats were anaesthetized again by intraperitoneal
injection of sodium pentobarbital (40 mg100 g body weight).
The scalp was incised opened and a hole was made by a dental
drill in the occipito-temporal region of the skull about 5 mm
anterior to the lambdoid suture. The meningeal membrane was
removed and the cerebral hemisphere and hippocampus overlying
the thalamus were aspirated by suction. The exposed right optic
tract which curved round the lateral surface of the thalamus was
transected by the tip of an injection needle at the level just
before it entered the lateral geniculate body. Caution was
taken to avoid damaging large blood vessels so as to prevent
severe bleeding. A small piece of gelform containing the
retrograde neuronal tracer which was freshly prepared by soaking
into the aqueous solution containing the fluorescent dye
Granular Blue or Fast Blue and air-dried before use was
introduced into the transection site by a fine forcep guided
visually under the microscope. The lesion cavity was filled
with clean gelform and the scalp was sutured. The animals were
raised again for another week before they were sacrified.
2.2.3 Preparation of retinae and brain sections for
fluorescent microscopy
After a survival time of 7 days, the rats were
anaesthetized again with sodium pentobarbital (40 mg100 g body
weight) and perfused intracardially by 150 ml of 10%
formo-saline. The eyes were removed from the orbital cavities
and a mark was made by pressing the tissue at the dorsal pole of
the eyeballs for the purpose of orientation. The eyeballs were
then immersed into 0.1 M phosphate buffer and an initial dorsal
cut was made by a pair of iris scissors to mark the dorsal pole
of the retina. The retina was detached after an incision along
the corneo-scleral margin followed by removal of the lens and
vitreous body. Since the retinae of albino rats did not possess
a heavily pigmented epithelium, there was no need to remove it
which could be quite troublesome in pigmented animals.
Additional cut was made when the retina was flat-mounted on the
gelatinized slide with the ganglion cell layer faced upward. It
was then air-dried and dehydrated in graded alcohol series,
cleared in the xylene and cover-slipped with mountant
(Entellan).
In order to examine the extent of the thalamic lesion and
diffusion of the retrograde tracer, the brains of all animals
included in this series of experiments were removed and
postfixed in 10% formo-saline overnight. The brainstems were
blocked and immersed in 30% sucrose phosphate buffer for a
further 3 hours. They were then sectioned serially on a
freezing microtome at a thickness of 30 urn. The brain sections
were collected in 1 in 3 series in 0.1 M phosphate buffer and
mounted onto slides coated with gelatin. The dried sections
were also dehydated, clear and mounted in Entellan.
All the prepared retinae and brain sections were examined
by the Nikon Fluophot microscope under the wavelength of 340-380
nm. The total number of labelled IPRGCs in the right retina was
counted either under microscope by a cell counter or in
photographs taken from those densely populated regions by a
digitiser (GP-7, Science Accessories Corporation) equipped with
an IBM XT personal computer.
2.2.4 Second operations for electron microscoD
The right optic nerves were processed for electron
microscopy. After postfixing for 2 hours in 2% glutaraldehyde,
the nerves were osmicated in 2% osmium tetroxide for 1 hour.
They were then dehydrated in graded alcohol series and
infiltrated firstly in equal portion of absolute ethanol and
The remaining rats which received thalamic lesion and
double lesions at birth were anaesthetized by intraperitoneal
injection of sodium pentobarbital (40 mg100 g body weight). A
hole was made by inserting a fine syringe needle at the dorsal
corneo-scleral junction of the right eye. A small amount (4-5
ul) of 30% horseradish peroxidase (HRP, Sigma type VI) in 4%
dimethyl sulphoxide (DMSO) was injected into the vitreous
chamber for tracing the retinofugal projections. After two days
of survival time, the animals were anaesthetized again by sodium
pentobarbital and perfused intracardially with 1.25%
glutaraldehyde and 1% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.40). The intracranial portion of the right optic nerves
were collected and postfixed in 2% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.20) while the brain was stored in the
mixed aldehyde fixative for overnight. The optic nerves in
normal rats and rats with one eye removed at birth were not
examined in this study since it was impossible to distinguish
the uncrossed optic fibers from the crossed ones in the optic
nerves of these animals.
spurr for 1 hour arid later in pure spurr overnight. The nerves
were placed in flat mold and polymerized in spurr at 70°C for
12-18 hours. Thin sections were collected on hole-grids coated
with formvar and double stained with 2% uranyl-acetate in
methanol and Reynold's lead citrite each for 10 minutes. The
sections were examined under transmission electron microscope
(Jeol JEM-100 CX II) and microphotographs covering the entire
nerve were taken at a magnification of 12.000X for the counting
of number of uncrossed optic fibers.
The brains were placed in 30% sucrose phosphate buffer and
frozen sectioned at a thickness of 30 urn. Every one of three
sections were collected and stored in 0.1 M phosphate buffer.
They were then processed for the histochemical reaction of the
HRP using the tetramethylbenzidine (TMB) as a chromogen
(Mesulam, 1978; Mesulam and Rosene, 1979). All the brain
sections were incubated in a solution containing 0.1 sodium
nitroferricyanide and 0.005% TMB for 20 minutes before 1 ml of
0.3% hydrogen peroxide was added into the incubation solution.
A further 15 minutes was allowed and the reaction was stopped by
changes of 0.02M acetate buffer at pH 3.3. They were mounted
onto gelatinized slides, dehydrated and mounted in Entellan.
The prepared brain sections were examined immediately by light
and dark-field optics to check whether the neonatal thalamic
lesions had completely eliminated the retinal fibers in the left
optic tract. Only those animals with their optic tracts
completely transected were included in this study and the total
number of uncrossed fibers in these optic nerves were counted
and compared.
2.2.5 Numerical analysis
The numbers of retrogradely labelled IPRGCs in four groups
of rats were compared using the Duncan's multiple range test
with p0.05. The data of the fiber count studies were analyzed
by the nonparametric Mann-Whitney U-test, also with p0.05.
2.3 Results
2.3.1 Extent of thalamic lesion and diffusion of fluorescent
dyes
The neonatal thalamic lesion made in T and TE groups of
rats removed a large portion of the left thalamus (Fig. 2.2),
including the lateral geniculate nuclei, nucleus lateralis
posterior and frequently a portion of the pretectum and superior
colliculus. An extensive lesion as shown in this figure surely
transected the optic fibers innervating the two main
retinorecipient nuclei, namely the dorsal lateral geniculate
nucleus and the superior colliculus. This was supported by
results of the anterograde HRP tracing studies which showed no
sign of labelled optic axons projecting to the thalamus and
midbrain in animals with such extensive thalamic lesion. Since
the incomplete removal of fibers in the optic tract might cause
severe error in analyzing the data from the cell count and fiber
count studies, only those animals with the lesion comparable to
the one shown in this figure were included in this study.
The diffusion of the fluorescent dyes were checked in the
serial brain sections. In most animals, the labelling was
confined to the lateral portion of the thalamus, including the
optic tract and the lateral geniculate nucleus (Fig. 2.2). In
other brain sections, the pretectum and superior colliculus were
Fig. 2.: Camera lucida drawing of coronai sections of the
brainstem showing the extent of the thalamic ablation
and fluorescent labelling in adult rat. The thalamic
lesion was performed at birth and the left thalamus
was almost entirely removed by the neonatal lesion.
This animals received a Fast Blue implant in the
right optic tract in the adult stage. The black area
represents the region of lateral thalamus with heavy
labelling and the dotted area illustrates the halo in
which the fluorescent dye spread to adjacent area in
the brainstem. Note the fluorescent dye did not
diffuse across the midline of the brainstem. SC:
superior colliculus. Scale bar: 1 mm.
Fig. 2.2
sc
also labelled, but in no case was the dye found to diffuse
across the midline of the brain.
Based on the criteria of complete elimination of optic
fibers to the left thalamus and midbrain by the thalamic lesion
and the heavy labelling of the right thalamus by the fluorescent
dyes, a total of 12 normal and 27 experimental rats were found
acceptable and included in the cell count studies, and 8 optic
nerves in animals with thalamic lesion were selected for the
fiber count experiments.
2.3.2 Morphology and distribution of the retrogradely
labelled retinal ganglion cells
As described in previous studies (Bertivoglio et al., 1980;
Kuypers and Huisman, 1984), the fluorescent dyes were
transported retrogradely from the optic axons at the site of
implantation to the their somata located in the retina. Under
the fluorescent microscope, the labelled retinal ganglion cells
were filled with many bright and coarse blue granules
distributed evenly in the cytoplasm, which gave the cells a
distinct labelling against a dark background (Fig. 2.3b). The
boundaries of these labelled cells were clear and in some cases
the primary and even the secondary dendrites could be seen.
Leakage of the neuronal markers was not frequently observed and
for those retina with sign of leaking of the labels were
discarded in this studies.
Fig. 2.3 A-B Photomicrographs showing the retinal ganglion
cells labelled retrogradely by the fluorescent dye
which was implanted in the contralateral optic tract
in an unoperated rat. A. The labelled ganglion cells
are arranged in clusters separated by blood vessels
(bv). B. Under high magnification, it can been seen
that the proximal dendrites and cell bodies of the
labelled ganglion cells are filled with many bright
granules. Scale bar in A: 20 urn; in B: 5 urn.
Fig. 2.3
Fig. 2. A. Schematic diagram showing the retina ipsilateral
to the site of fluorescent dye implantation. The
temporal crescent which is densely populated by the
the labelled IPRGCs is outlined by the broken line in
the lower temporal retina. D: dorsal; V: ventral; T:
temporal; N: nasal and OD: optic disk. Scale bar: 1
mm.
B. Photomicrograph taken from part of the temporal
crescent marked by a rectangle in A showing the
labelled IPRGCs in this region. The small white
arrow indicates a labelled displaced ganglion cell.
Scale bar: 20 urn.
Fig. 2.4
A
In the retina opposite to the site of implantation, the
labelled contralateral projecting retinal ganglion cells were
distributed densely throughout the whole retina (Fig. 2.3a).
They were arranged in elongated patches or clusters radiating
from the optic disk.
The pattern of distribution of labelled retinal ganglion
cells in the ipsilateral retina was obviously different. The
ipsilaterally projecting retinal ganglion cells (IPRGCs), as
labelled by the retrograde markers, populated densely only in
the far periphery of the lower temporal retina (Fig. 2.4a and b)
which was refered to as the temporal crescent in other studies
(Lund and Lund, 1973; Perry and Cowey, 1979). Only a few of the
labelled IPRGCs scattered in the nasal retina which was defined
as the retinal region outside the temporal crescent.
2.3.3 Ganglion cell count
In normal rats, there were about 1200 labelled IPRGCs in
each retina (Table 2.1 and Fig. 2.5). The labelled IPRGCs, as
described above, located mainly in the temporal crescent. An
average number of 1040.8 cellsretina was observed in the
temporal crescent while only 203.4 cellsretina was found in the
nasal retina.
The average numbers of labelled IPRGCs increased
Table 2.1 Numbers of retrogradely labelled ipsilaterally
projecting retinal ganglion cells (IPRGCs) located
in the temporal crescent, nasal retina, and their
summations. Each pair of mean found in the four
groups of animals (N: normals; E: neonatal monocular
enucleation; T: neonatal thalamectomy; TE: both
lesions at birth) within the same column was
compared using the Duncan's multiple range test
(p0.05). The results indicated that all except the
numbers between E and T in the nasal retina and
their totals were significantly different. SEM:
standard error of the mean.
Table 2.1
Code Number or labe ed TPRrTr:.



























































































































































































Fig. 2 Histogram showing the number of labelled IPRGCs in
the temporal crescent and nasal retina, and their
summations, of normal rats and rats with neonatal
lesions. Abbreviations are the same as those in





significantly in the retinae of the lesioned animals when
compared with the number found in the normal rats (Table 2.1 and
Fig. 2.5). In the groups of animals with single neonatal
lesion, which were known as the E and T groups, the total
numbers of labelled cells were about 1000 more than that in
normal animals. Although there was no significant difference
between the total numbers of labelled IPRGCs between the E and T
groups, a regional difference of the cell numbers was noted in
the temporal crescent and nasal retina. The number of labelled
IPRGCs in the temporal crescent of T group animals was
significantly higher than that found in the E group. However,
the number of IPRGCs located in the nasal retina of the E group
appeared to be considerably higher than that obtained in T group
although the difference was not statistically significant.
Interestingly, when the two neonatal lesions were combined
together as performed in the TE group animals, the number of
labelled IPRGCs increased further in both temporal crescent and
nasal retina as compared with the numbers observed in
corresponding regions in the rats with either single lesion
alone (Table 2.1 and Fig. 2.5). In fact, the numbers of cells
counted in the temporal crescent and nasal retina as well as
from the whole retina in the TE animals were significantly
different from the other three groups of animals. Worthnoting
was that when results of the cell count in the temporal crescent
and nasal retina of the four groups of animals were compared, it
was surprising to find that the increase in number of labelled
IPRGCs in TE group was approximately the same as the sum of the
increases in group E and group T, all with number of labelled
cells in the normals as baseline for comparison. Taken
together, these results indicated that the effects of two
neonatal lesions was additive with regard to the number of
IPRGCs preserved in the lesioned animals.
2.3.4 Fiber count studies
The number of optic fibers in the optic nerves of animals
with either neonatal thalamic lesion or an additional monocular
enucleation performed simultaneously at birth was counted in
order to compare with results of cell count in corresponding
groups of animals. Most, if not all, of the optic fibers in
these cases would project to the ipsilateral visual targets
since those fibers projecting to the contralateral targets
should have been eliminated after the neonatal thalamic lesion.
As shown in Fig. 2.6a, the 8 optic nerves obtained from the
animals with thalamic lesion, with or without eye enucleation,
consisted of many optic axons which were packed into a number of
fascicles surrounded by connective tissues. The optic fibers
were classified into two major categories, myelinated and
unmyelinated, based on the presence or absence of the myelinated
sheath around each axon (Fig. 2.6b). All unmyelinated fibers
counted possessed neurotubules and neurofilaments in their
Fig. 2.6 A-B Electron micrographs showing the uncrossed optic
axons in the optic nerve taken from a rat with double
lesions at birth. A. The optic axons are arranged
into bundles. B. Under higher magnification, the
unmyelinated axons (pointed by arrows) can be easily
distinguished from the myelinated axons which possess
prominent myelinated sheath. All optic axons have
the presence of neurotubules and neurofilaments in




axoplasm which was used as a criterion for distinguishing the
axons from the surrounding pale and homogeneous glial processes.
The optic nerves in the 4 animals with thalamic lesion
alone contained in average a total of 2869.3 fibersoptic nerve
(Table 2.2) with the myelinated fibers apparently triple of the
unmyelinated fibers. When the neonatal monocular enucleation
was made concurrently with the thalamic lesion as that performed
in the TE animals, the number of optic fibers increased
significantly to 4105.8 fibersoptic nerve. The difference in
number of fibers between the two experimental groups of animals
was about 1200 fiberoptic nerve and was slightly higher than
that observed between corresponding groups in cell count
studies.
Table 2.2
Number of uncrossed retinal fibers counted in the right
optic nerves of 8 rats which received unilateral thalamectomy
alone (T) or a thalamectomy together with eye enucleation (TE)
at birth. The right eyes of the animals were injected with HRP
solution in adult stage. Only those with their left optic tract
completely transected by the neonatal thalamic lesion were
included in this study. All unmyelinated fibers counted
contained neurotubules and neurofilaments. SEM: standard error
of the mean.


















Mean 2178.8 690.5 2869.3

















Mean 3180.5 925.3 4105.8
SEM (76.2) (33.2) (109.0)
2.4 Discussion
2.4.1 Application of the fluorescent labelling and electron
microscopic techniques in assessing the number of IPRGCs
In this study, the fluorescent dyes Granular Blue and Fast
Blue were used as retrograde neuronal markers to label the
IPRGCs. As described in previous studies (Bertivoglio et al.,
1980; Kuypers and Huisman, 1984), the fluorescent dyes showed
brilliant labelling of the neurons without obvious leakage from
the labelled cell after an appropriate survival time, in this
studies it was 7 days. The somata of labelled retinal ganglion
cells which were filled with the fluorescent granules were
easily distinguished and their boundaries could be defined
against a dark background under the fluorescent microscope, even
in the densely populated region such as the temporal crescent.
This permits counting of the number of labelled cells with
considerable high accuracy in comparison with other labelling
techniques. Similar experiments performed in albino rats using
tracer such as the HRP and the tetramethylbenzidine (TMB) as the
chromogen can reveal a similar distribution pattern of the
IPRGCs (Land et al., 1981). However, the HRP-labelled neurons
may possess only a few very fine dark granules which can be
detected only at high magnification under the microscope, thus
making the cell counting a long and tedious procedure which
could be avoided by simply using the fluorescent dyes
(unpublished observations). Because of the problem of labelling
the IPRGCs with HRP, counting of the labelled cells in HRP
preparation oftenly leads to an underestimation of the actual
number, especially in the nasal retina where only a few labelled
cells were found to spread across a large retinal area. This
may explain the discrepancies in results of number of IPRGCs
recorded in the temporal crescent and nasal retina between
present study and that done by Land et al. (1981). In their
study, only 973.5 IPRGCsretina in the temporal crescent and 49
IPRGCsretina in the nasal retina of normal albino rats were
reported.
By comparing the results obtained from the cell count and
fiber count studies between animals in the T and TE groups, it
is obvious that the numbers of labelled IPRGCs are invariably
smaller than the numbers of optic nerve fibers found in animals
which recevied similar treatments. The difference between the
results obtained by the two different approaches leads to the
argument that the fluorescent labelling method may not label the
entire population of IPRGCs which in turn resulted in
underestimating the actual number of retinal ganglion cells
contributing to the uncrossed optic projections. This may be
true on one hand, but on the other hand we need to consider
whether there are still some of the optic nerve fibers in these
animals projecting to the contralateral visual targets and these
fibers may not be labelled by the method used in this study.
These possibilties may hold because the small contralateral
optic projections to the suprachiasmatic nucleus and the medial
terminal nucleus in the hypothalamus were frequently spared even
after an extensive thalamic lesion. Another possibility which
may also account for the difference between the results of cell
count and fiber count studies is that the optic axons may have
branches within the optic nerve so that counting the number of
fibers in the optic nerve may not reflect the actual number of
IPRGCs in these animals though this idea is opposed by other
investigation (Lia et al., 1986). Nevertheless, the result of
fluorescent labelling study provides a close and reliable
estimation of the number of optic nerve fibers and it can
reflect the changes in number of optic axons constituting the
uncrossed retinofugal projectings in the lesioned animals as
shown in this study.
2.4.2 Number and distribution of IPRGCs in rats with various
neonatal lesions
The number and distribution of IPRGCs were studied in
normal rats and rats which received neonatal eye removal andor
thalamectomy in the present experiments. The labelled cells, as
described in previous studies in the rat, concentrated mainly in
the temporal crescent in both normal animals and animals with
neonatal lesions (Lund and Lund, 1973; Lund and Lund, 1976;
Perry and Cowey, 1979). By comparing the number of the labelled
cells, however, it was obvious that a significant increase in
IPRGCs was observed in animals which received single lesions, in
comparison to the normal controls. It suggests that either
monocular enucleation or thalamectomy can result in generation
of an enlarged uncrossed projection, based on the number of
IPRGCs observed in the experimental animals. More importantly,
the effects of the two neonatal lesions upon the IPRGCs appeared
to be additive. In other words, the effects of the two neonatal
lesions, namely, enucleation and thalamectomy can be combined,
which in turn implies that two different populations of IPRGCs
are affected by the two surgical manipulations. This is
supported by two lines of evidence. The first one comes from a
number of anterograde studies on rats with early eye removal.
The terminal fields in both the uncrossed retinotectal and
retinogeniculate projecions of these animals have been shown to
enlarge in their respective targets, comparing to those in the
normals (Lund and Lund, 1973; Lund et al., 1973; Lund and Lund,
1976; Jen and Lund, 1981; Jeffery, 1984; Reese, 1986). In
animals with thalamic lesion made at birth, the uncrossed
retinotectal projection also expanded its territory in the
superior colliculus (Jen and Lund, 1981). But in this case, the
axons of the enlarged projection, instead of distributing in the
superficial laminae of the colliculus as found in the
unilaterally enucleated animals, distributed primarily in the
stratum opticum. In rats which received double lesions, the
uncrossed projections were distributed heavily throughout the
depth of the visual laminae of the superior colliculus, as if
the effects of the two lesions could be combined.
The second line of evidence which supports the additive
effects of the two neonatal lesions arises from retrograde
labelling studies using similar approach. The enlargement of
the uncrossed retinofugal projections in rats with one eye
removed in infancy has been shown to be, or partly, due to an
increase in number of IPRGCs in the remaining eye (Jeffery and
Perry, 1982; Linden and Serfaty, 1985). Similar phenomenon of
an increase in number of IPRGCs was also reported in rats which
had had their crossed optic pathways ablated by the
contralateral tectal lesion immediately after birth (Linden and
Perry, 1982; Perry and Linden, 1982). These findings were
confirmed by Linden and Serfaty (1985) in their recent study in
the hooded rat, but their results indicated that the two
neonatal lesions affected the IPRGCs differently. While eye
enucleation at birth leaded to an increase in the number of
small cells and more cells distributed in the lower temporal
retina, thalamic lesion tended to preserve more cells in the
upper temporal retina and a population of IPRGCs with generally
larger somata. However, a significant difference in the IPRGCs
was only observed between normal animals and animals with
neonatal lesions, but not between animals with eye removal and
those with double lesions. The latter point is different from
the results obtained in this study indicating that the number of
IPRGCs in rats with double lesions is indeed significantly
higher than that obtained in rats with eye removal alone.
These results together provide strong evidence supporting
the idea that there are at least two populations of aberrant
IPRGCs which respond differently to the two neonatal lesions.
As it has been shown that early eye removal can eliminate all
the crossed optic axons in the retinorecipient nuclei where the
uncrossed retinal projections terminate (Lund and Lund, 1976;
Land and Lund, 1979), and neonatal thalamic or tectal lesions
result in extensive ganglion cell death in the contralateral
retina from which the uncrossed projections arise (Perry and
Cowey, 1979; Perry and Linden, 1982), it is suggested that
dendritic competition between the IPRGCs and the adjacent
contralateral projecting retinal ganglion cells, and the
axonal interactions among the optic axons originating in the two
eyes may participate in determining the size and number of
retinal ganglion cells in the adult retinal projections (Perry
and Linden, 1982; Rakic and Riley, 1983b; Linden and Serfaty,
1985). Based on these assumptions, it is possible that the two
populations of aberrant IPRGCs observed in this study can be
preserved by different factors which may play important roles in
determining the normal development of the uncrossed retinofugal
pathways.
2.4.3 Possible mechanisms involved in establishing the
aberrant uncrossed retinofugal projections
The enlargement of the uncrossed retinofugal projections
after various neonatal lesions may be achieved through several
possible mechanisms (Fig. 2.7). One of the most likely
mechanisms is the retention of transiently existed IPRGCs in
lesioned animals which would otherwise be eliminated during
normal development. The evidence for this arises from the
studies showing that there is initially an overproduction of
IPRGCs in newborn rats followed by a subsequent loss of these
ganglion cells during a period of cell death (Jeffery, 1984).
It is through this process that the adult number of IPRGCs and
size of the uncrossed retinal projections is achieved. If one
eye of the neonatal or infant rats is removed, the cell loss
during the cell death period will be diminished, thus resulting
in preserving more IPRGCs into adulthood (Jeffery and Perry,
1982; Jeffery, 1984; Linden and Serfaty, 1985). However, as
demonstrated in this study that the two neonatal lesions may
have differential effects upon the preservation of IPRGCs, it
would be logical to ask whether the formation of the enlarged
uncrossed projections induced by neonatal thalamic lesion is
also due to a reduction of natural loss of IPRGCs. This issue
will be discussed in the next chapter. As far as the factors
which may be involved in determining the fate of these
developing IPRGCs are concerned, at least two hypotheses have
been proposed. The first one is that the optic axons from two
Fig. 2.7 Schematic diagrams illustrating the possible
mechanisms that may be involved in the formation of
the aberrant uncrossed retinofugal projections: A.
retention of transiently existed IPRGCs; B. rerouting
of late coming fibers; C. compensatory sprouting of
ipsilateral branches of bilaterally projecting
ganglion cells; and D. collateral sprouting from the
contralateral projecting retinal ganglion cells.
These proposed mechanisms are described in detail in
the text. E: eye; T: visual targets.
Fig. 2.7
A. Retention of transient uncrossed projections
B. Re-routing of late coming fibers
C. Bilateral projecting cells- Prunning effect D. Collateral sprouting of crossed fibers
eyes may compete for postsynaptic sites in the target regions
(Lund and Lund, 1973; Rakic, 1981; Rakic and Riley, 1983a and
1983b). Those which successfully form synaptic contacts will
survive whereas those fail to compete with the successful ones
will be eliminated. In the rat, the optic axons in the crossed
projection usually dominate the uncrossed axons in a visual
target, probably due to the earlier arrival of the crossed axons
than the uncrossed ones at the targets during the prenatal
development (Bunt et al., 1983) or simply because there is more
abundant crossed optic axons present in the target structure
which may have greater chance to make synaptic contact with the
target cells than the considerably smaller number of uncrossed
axons. However, by removing the crossed fibers by eye
enucleation, the uncrossed optic axons would have a better
chance to capture those synaptic sites which are normally
occupied by the crossed axons. This is supported by the
observation in unilaterally enucleated rats that a near-normal
ratio of nerve terminals is obtained in the colliculus (Lund and
Lund, 1971a and 1971b). As a result, more IPRGCs can be
preserved in the monocularly enucleated rats. On the other
hand, it has also been hypothesized that the preservation of the
transient IPRGCs is caused by a diminished intraretinal
competition after a large number of contralateral projecting
retinal ganglion cells have been eliminated by the neonatal
thalamic ablation (Linden and Perry, 1982; Perry and Linden,
1982; Perry, 1984). This may be due to the ease for the IPRGCs
in competing for the dendritic space or some trophic factors
from other ganglion cells or intrinsic neurons during
development when the neighbouring contralaterally projecting
cells have been removed after the thalamic lesion. However,
this hypothesis has not yet to been proven by direct evidence.
The second mechanism that may underlie the formation of the
aberrant uncrossed projections is the retention of the
ipsilateral branches of bilaterally projecting retinal ganglion
cells after the neonatal lesions, especial in rats with thalamic
ablation. This suggestion is mainly based on the hypothesis put
forward by Schneider et al. (Schneider, 1973; Devor and
Schneider, 1975) which states that there is an tendency for a
growing neuron to conserve its total quantity of axonal
arborization. According to this hypothesis, when the
contralateral axonal branches of bilaterally projecting retinal
ganglion cells are transected at the time of thalamic lesion, it
should be followed by a compensatory sprouting of the originally
small ipsilateral branches. These branches can somehow survive
and contribute to the aberrant uncrossed optic projections.
However, the number of bilaterally projecting retinal ganglion
cells in adult rat has been shown to be rather small (Jeffery et
al., 1981) and the number varies from 20-150 in each retina
depending on the neuronal tracers used. Such a small number of
bifurcating retinal ganglion cells if present in neonatal retina
is unlikely to account for the increase in the size of uncrossed
projections observed following thalamectomy. For this reason,
and also the fact that there are many transient cells in the
developing retina, it seems reasonable to suggest that there are
many more bilateral cells in newborn rats, and the thalamic
lesion results in a better chance of survival of the ipsilateral
branch of the cells which normally would have either retracted
the ipsilateral branch or simply be eliminated. Interesting
enough is that most of the bifurcating ganglion cells in adult
rat tend to be located in the temporal crescent. This may
explain why there was a more obvious increase in number of
aberrant IPRGCs observed in the temporal crescent of rats which
received thalamic lesion at birth. Such a mechanism seems to
play a minimal role, if any at all, in the formation of the
aberrant uncrossed projections in the enucleated rats because it
has been demonstrated in the rat and golden hamster that only a
very small fraction of the entire ganglion cell population
projects bilaterally in normal animals and animals with neonatal
unilateral eye removal (Jeffery et al., 1981; Jeffery and Perry,
1982; Hsiao, 1984; Hsiao et al., 1984).
The third possible mechanism that needs to be discussed is
that there may be some retinal axons, which are still in the
progress of growing towards the optic chiasm, misrouted from
their usual contralateral course to enter the ipsilateral optic
tract after the neonatal lesions. Removal of the target tissues
by the thalamic lesion and the subsequent vacation of the optic
tract as a result of the eye removal may predispose the
occurrence of misrouting of these late coming optic fibers.
Moreover, it has been suggested in the study on the prenatal
development of optic projections in rats that the choice of
route of the developing optic neurites at the optic chiasm
appears to be only loosely controlled (Bunt et al., 1983). So
if there is any interruption in their normal pathways, as those
induced by the thalamic ablation and eye enucleation, it is
likely that the late coming optic axons may change their routes
and enter the wrong tract so as to contribute to the aberrant
uncrossed retinal projections.
It is necessary to point out that other mechanisms such as
collateral sprouting of the contralateral projecting optic
fibers following various neonatal lesions cannot be ruled out
though it receives little direct evidence.
In summary, the present study has demonstrated that the two
neonatal lesions, namely unilateral eye removal and
thalamectomy, not only affect the IPRGCs differentially but also
appear to have an additive effect on the preservation of these
cells. These results lead to the suggestion that the
enlargement of the uncrossed optic projections induced by the
two single neonatal lesions may involve different factors or
mechanisms. The possible mechanisms include retention of
transient IPRGCs or ipsilateral branches of bilateral cells, and
misrouting of late coming fibers following various lesions.
However, it should be pointed out that these proposed mechanisms
are not necessarily mutually exclusive to each other and all of
them might be involved in the formation of aberrant uncrossed
projections as described in this study. Whether this is true is
certainly an important issue that needs to be unravelled by
further investigation. It is for this reason that a separate
series of experiments aimed at studying the development of the
uncrossed retinofugal projections in the normal rats and rats
which received either neonatal eye enucleation or thalamic
lesion were conducted. The details and significance of the
experiments are described and discussed in the next chapter.
CHAPTER 3 POSTNATAL DEVELOPMENT OF THE UNCROSSED
RETINOFUGAL PROJECTIONS IN NORMAL ALBINO RATS AND RATS WITH
NEONATAL UNILATERAL EYE ENUCLEATION OR THALAMIC LESION
3.1 Introduction
The uncrossed retinofugal projections in rodent species
have been used commonly as a model for studying development and
plasticity of neural pathways in mammals. In the rat, two
experimental paradigms, namely unilateral eye enucleation and
optic tract lesion, have been adopted for studying possible
mechanisms which are involved in the formation of normal and
anomalously enlarged uncrossed optic projections. It has been
shown that an enlargement of the terminal field of the uncrossed
projections can be induced by unilateral eye enucleation made in
prenatal or neonatal stage (Lund and Lund, 1973; Lund et al.,
1973; Lund and Miller, 1975; Miller and Lund, 1975; Lund and
Lund, 1976; Jen and Lund, 1981; Reese, 1986). Similarly, an
enlargement of the uncrossed retinofugal projections can also be
induced by a lesion such as tectal ablation or thalamectomy
which damages severely the optic tract and subcortical visual
centers where optic fibers normally terminate (Perry and Cowey,
1979; Jen and Lund, 1981; Perry and Cowey, 1982).
As it has also been demonstrated that the uncrossed
retinofugal projections is much more extensive in newborn rats
than in adult rats (Land and Lund, 1979; Jeffery, 1984; Manfold
et al. 1984), and this extensive neonatal pattern retracts and
segregates from other fiber inputs to form the small and
specific termination pattern found in adult animals, it is
suggested that the enlargement of the uncrossed optic
projections in adult rats which received either eye removal or
thalamic lesion at birth may be a consequence of arresting the
originally widespread neonatal pattern of the uncrossed
projections. This suggestion is supported by results of
retrograde labelling studies showing that there is initially an
overproduction of the IPRGCs (Land et al., 1981; Jeffery, 1984)
in newborn rats, which is followed by a reduction in the number
of these cells during the period of cell death in the early
postnatal stage so that the adult number of ipsilateral ganglion
cells constituting the uncrossed optic projection is achieved
(Jeffery, 1984). Removal of one eye in neonatal rats can result
in the reduction of cell death, and therefore more IPRGCs are
retained into adulthood, as if the neonatal eye enucleation can
arrest the number of cells from the diminishing population of
IPRGCs. Whether this is also true for the development of the
aberrant uncrossed optic projections in rats with thalamic
lesion at birth has not yet been determined.
However, it has been demonstrated by Linden and Serfaty
(1985) in adult hooded rats that the unilateral neonatal tract
lesion and eye removal both resulted in an increase in the
number of IPRGCs, and a significant difference was noted with
respect to the distribution pattern and cell—size spectrum.
While unilateral eye removal resulted in more cells labelled in
the lower temporal crescent with relatively more small ganglion
cells distributed in the lower retina, the thalamic lesion led
to a more significant increase in the upper temporal retina with
more large cells located outside the temporal crescent.
Moreover, the effects of the two single lesions appeared to be
additive regarding the topographical distribution and cell size
of the IPRGCs. But surprisingly, a significant difference in
the estimated number of cells between the enucleated rats and
rats with double lesions was not observed in this study. This
contrasts with preliminary results obtained in adult albino rats
in which a clear additive effects of the two neonatal lesions
upon the number of IPRGCs was observed (Jen and Chan, 1988).
The latter finding thus leads to the suggestion that there are
two populations of IPRGCs which respond differentially to the
two neonatal lesions.
The above observations raise a number of questions
concerning the mechanisms governing the generation and
maintenance of the anomalous uncrossed projections induced by
the thalamic lesion as compared to those of eye enucleation.
The first obvious question to ask is whether the formation of
the aberrant uncrossed optic projections in rats with thalamic
lesion is also due to a reduction in cell death of the IPRGCs as
in enucleated animals or not. The second question is whether
the differential effects of the two neonatal lesions upon the
changes in distribution and number of IPRGCs as described above
can be observed in the developing aberrant uncrossed
projections. This leads to the third question of how these
aberrant IPRGCs are proportionally distributed in the temporal
crescent and nasal retina in animals with the two single
lesions, and whether the increase in number of IPRGCs in the
temporal crescent, for instance, is accompanied by an expansion
in area or increase in density of cells in this region. A
complete understanding of these problems would certainly provide
some useful information concerning the rigidity and plasticity
of the uncrossed retinofugal pathways, and shed light on
mechanisms or factors involved in determining the final pattern
of distribution, size and laterality of a neural projection in
the central nervous system.
The present experiments are intended to provide answers to
some of the questions by studying changes in number of the
IPRGCs on various postnatal days in normal rats and rats with
either unilateral eye removal or thalamic lesion at birth. The
developmental changes in density and area occupied by the IPRGCs
in the temporal crescent and nasal retina in normal and lesioned
animals will also be examined and compared.
3.2 Materials and Methods
A total of 34 litters of newborn Sprague—Dawley albino rats
were used in this study. The neonates from each litter were
divided into three groups. The first group of animals served as
normal controls, and the second and third groups of animals
received unilateral eye removal (E) and thalamectomy (T) at
birth respectively. For the purpose of dating the animals, the
first 24 hours was designated as day 0, the next 24 hours as day
1 and so on.
3.2.1 First operations on newborn rats
The newborn rats that were chosen to receive lesions were
firstly anaesthetized by ether. For the E group animals, the
left eyes were removed by fine forceps after slitted open the
eyelids. In the T group animals, the scalp covering the skull
was incised and a window was made through the lateral portion of
the cartilaginous skull just anterior to the left tranverse
venous sinus. After tearing away the thin meningeal membrane,
the cortical matters and the hippocampus were removed together
by a glass pipette connecting to a suction pump under the
dissecting microscope. The lateral thalamus thus exposed was
carefully removed by aspiration under visual guidance so as to
ensure complete transection of the optic tract. A piece of
gelform was inserted into the lesioned site and the scalp was
sutured. After the operated animals had recovered in a warm
environment, they were returned to their mothers and reared
until the time for second operation. However, for those animals
that were sacrificed at the end of day 0, the second operation
in which the retrograde neuronal marker was introduced into the
right optic tract was performed immediately after the first
operation. For the rest of animals, second operations were done
24-48 hours before sacrifice of the animals at the end of
postnatal day 1, 2, 3, 5, 14 and 21.
3.2.2 Second operations
All the animals were subjected to the second operations and
they were at first anaesthetized either by ether on day 0 to day
5 rats or by intraperitoneal injection of 7% choral hydrate (0.5
ml100 g body weight) in day 14 and day 21 rats. The right side
of the skull was exposed after an incision of the scalp. A hole
was made either by surgical blade (in day 0 to day 5 rats) or by
a dental drill (in day 14 and 21 rats). The meningeal membrane
in these animals was removed and the underlying cortical matters
and hippocampus were carefully aspirated away by a suction
pipette. The exposed lateral surface of the posterior thalamus
was wiped dry with gelfoam before the introduction of neuronal
marker into the optic tract. In older rats, i.e. rats in day 14
and day 21, the exposed optic tract was first transected
completely by a fine and sharp syringe needle at the place just
before its entry into the lateral geniculate body. Then a small
piece of neuronal marker was introduced into the transection
site under visual guidance. In younger animals (day 0- day 5),
however, the neuronal marker was introduced directly into the
lateral thalamus, in a region including the lateral geniculate
body. Three small lesions in the lateral thalamus were made by
an insect pin perpendicular to the course of the optic tract to
ensure complete labelling of the optic tract by the neuronal
marker. The neuronal marker was prepared by soaking a small
piece of gelform in a solution containing 1% horseradish
peroxidase conjugated to wheat-germ agglutinin (WGA-HRP, Sigma
Type VI) and 30% horseradish peroxidase (HRP, Sigma Type VI) in
4% dimethylsulphoxide and air-dried before use. Since the
WGA-HRP was white in colour, HRP was added to give a dark brown
colour solution so as to facilitate the implantation under the
visual guidance. The lesion cavity was filled up with gelform
before the scalp was sutured again. After the animals had
recovered, they were returned to their mothers until the time of
sacrifice.
3.2.3 Preparation of the retinae and brain sections
A survival time from 18 to 24 hours was allowed for day 0
to day 5 old rats, and 48 hours for day 14 and day 21 old rats
before perfusion. All animals were anaesthetized by ether or by
intraperitoneal injection of 7% choral hydrate with a dosage of
0.5 ml per 100 g body weight. They were then perfused
intracardially with normal saline and followed by a mixture of
1.25% glutaraldehyde and 1% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.40).
The eyeballs were marked at their dorsal poles by inserting
a fine syringe needle at the corneo-scleral junction for the
purpose of orientation. After removing the eyeballs from the
orbital cavity, they were placed in 0.1M phosphate buffer which
contained several drops of fixative. The cut made at the dorsal
pole was extended towards the optic disk and an circumferential
cut was made using the iris scissors along the corneo-scleral
junction so that the cornea, lens and vitreous body of the
eyeball could be removed. The retina was then carefully
detached from the fibrous coat with the aid of a pair of fine
forceps and then collected in phosphate buffer.
The brains in all animals were dissected out from the skull
and were postfixed overnight in the mixed aldehyde fixative and
then immersed in 30% sucrose in 0.1M phosphate buffer for a
further 3 hours. The brainstems were blocked and sectioned
serially on a freezing microtome (Cambridge sledge microtome
equipped with a liquid CO2 cooling platform) at a thickness of
90 um. Every one of three serial sections were collected in the
phosphate buffer.
The retinae and brain sections were all reacted for the
Hanker-Yates histochemical reaction (Hanker et al., 1977) for
visualization of labelled IPRGCs in retina and labelling in the
implantation site. The reaction started with incubating the
retinae or brain sections in an aqueous solution of 1% cobalt
chloride and 1% ammonium nickel sulphate in a proportion of 3:2
for 15 minutes. After several washes first in distilled water
and then in O.IM phosphate buffer (pH 7.40), they were reacted
in the freshly prepared Hanker-Yates solution which contained
0.05% p-phenylenediamine and 0.1% catechol in 100 ml O.IM sodium
cacodylate buffer (pH 5.20) with the presence of two drops of
30% hydrogen peroxide for 15 to 20 minutes. The reaction was
stopped by several rinses of O.IM phosphate buffer. The retinae
and brain sections were all mounted onto gelatinized slides and
air-dried. They were then dehydrated in graded alcohol series,
cleared in xylene and mounted in Permount.
3.2.4 Cell count and measurements of area and density
The number of labelled IPRGCs in the retina was counted
under a Nikon labophot microscope equipped with a Nikon drawing
tube. The exact pattern of labelled cells distributed in the
temporal crescent was reconstructed with the aid of a drawing
tube at a magnification of 250X for retinae of day 0 to day 5
old rats, and 125X for retinae of day 14 and day 21 rats. The
total number of cells was then counted by a cell counter. For
the nasal retina, the number of labelled IPRGCs was counted
under a 100 mesh grid placed in the eyepiece with an area of
0.4X0.4mm2 at a magnification 250X. The grid was shifted
systematically across the whole nasal retina and the number of
cells were counted in each grid with a cell counter.
In order to determine the area of the retina and temporal
crescent, outlines of the respective areas in each retina were
reconstructed by means of a drawing tube at a magnification of
25X for whole retinae, and SOX or 125X for the temporal
crescent. The numerical data of area measurement were then
obtained by a digitiser (Science Accessories Corporation)
equipped with a IBM XT personal computer.
The density of the labelled IPRGCs were also determined in
this study. In the temporal crescent, the density of labelled
cells were simply obtained by dividing the total number of
labelled cells in this retinal region by the area of the
temporal crescent measured in each individual retina. In
determining the density of labelled cells in the nasal retina,
the procedure was somehow more complicated. The nasal retina
was subdivided arbitrarily into 6 regions as illustrated in
Fig. 3.1, with 2 at the far periphery of the upper retina and
the other in the four quadrants in the central retina. In each
region, only those labelled IPRGCs that fell into a 100 mesh
grid placed in the eyepiece which measured 0.4X0.4 mm2 in size
at a magnification of 250X were counted and the number thus
Fig. 3.1 Schematic diagram showing locations of the 6 retinal
regions where cell count was made for comparing the
postnatal changes in density of the IPRGCs in
different regions of the nasal retina in normal rats
and rats with various neonatal lesions. Area 2 and 4
are located in the far periphery of upper retina
whilst the others are located in the central retina.
The shaded area represents the temporal crescent
which is densely populated with labelled IPRGCs. D:









obtained was converted by a factor into the density of IPRGCs
within this grid or region in the nasal retina.
3.2.5 Numerical analysis
In this study, the Duncan's multiple range test and
Mann-Whitney U-test with p0.05 were employed in analyzing the
data obtained in various results on different postnatal days
wherever comparison between the results obtained in the normal
rats and rats with neonatal lesions was applicable.
3.3 Results
3.3.1 Labelling in the site of implantation
By examining the serial brain sections (Fig. 3.2 and 3.3),
it was shown that the labelling of the neuronal marker WGA-HRP
in the successful cases was mostly restricted to the lateral
region of the right thalamus and midbrain including the lateral
geniculate nuclei and the overlying optic tract, nucleus
lateralis posterior, and oftenly the pretectum and superior
colliculus. However, in some cases the label was found to
spread across the midline, especially in day 0 and day 1 animals
in which the brains were relatively small comparing with those
in older animals. Those cases in which the labelling was found
to diffuse obviously to the opposite visual targets were
discarded and not included in this study. For this reason
together with the requirement that the retinal ganglion cells
had to be distinctly labelled by the neuronal tracer, a total of
88 retinae were selected for further analysis in this study.
The data on a certain postnatal day were obtained from 3-7
retinae, except the N group in day 14 which consisted of only
two good cases (Table 3.1).
Fig. 3.2 Camera lucida drawing of the coronal sections of the
brainstem in newborn rats with thalamectomy at
birth. The extensive thalamic lesion removed the
major retinorecipient centers and optic fibers in the
left optic tract. The black area in the right
thalamus indicates the region densely labelled with
the neuronal marker whereas the shaded area
illustrates the diffusion of the neuronal marker in
the adjacent thalamic area. Scale bar: 1 mm.
Fig. 3.2
Fig. 3.3 Schematic diagram showing the coronal sections of the
brainstem in day 21 rats which received the left
thalamic ablation at birth. The black area
represents the region of the thalamus with heavy
labelling and the shaded area indicates the area of
diffusion of the neuronal marker adjacent to the site
of implantation. Scale bar: 1 mm.
Fig. 3.3
Table 3.1
Number of cases in normal rats (N) and rats with unilateral










































3.3.2 Morphology and distribution of the labelled IPRGCs
Using a mixture of HRP and WGA-HRP as markers and the
Hanker-Yates histochemical reaction method, it was possible to
label distinctly the developing IPRGCs in the experimental
animals. In general, the labelled IPRGCs had dark brown to
black cytoplasm which appeared homogeneous so that the cell
boundaries could be easily visualized against the pale brown
background. In day 0 rat retinae, the labelled cells were small
and varied from spindle to stellate in shape (Fig. 3.4a). The
somata of the great majority of cells varied from 5 to 7 um in
diameter, although a few labelled cells with a diameter more
than 7 um were observed. As the retina continued to proliferate
in later stage of development, the somata of some IPRGCs began
to enlarge and the dendritic field grew and expanded into the
neighbouring retinal regions. In retinae of day 21 old rats,
the characteristic morphology of the different classes of
retinal ganglion cells (Boycott and Wassle, 1974; Perry and
Walker, 1980) based on their somal size and dendritic morphology
had already been established (Fig. 3.4b). The dendrites of many
labelled ganglion cells in normal animals were found to radiate
from the cell body to the surrounding tissue. In contrast, many
IPRGCs, especially those located at and near the central border
of the temporal crescent had their dendritic trees orientated
apparently towards the nasal retina (Fig. 3.5).
Most of the labelled IPRGCs in the normal and lesioned
Fig. 3.4 A-B Photomicrographs of flat-mounted retinae in day
0 rat (A) and day 21 rat (B), both have their left
thalami removed at birth. The IPRGCs were labelled
retrogradely by a mixture of neuronal tracers
(WGA-HRP and HRP) implanted in the right optic
tract. Both photographs were taken from the lower
temporal retina showing the boundaries (white broken
lines) between the temporal crescent on the left and





Fig. 3.5 Photomicrograph showing the labelled IPRGCs in the
central border of the temporal crescent (right:
central retina; left: peripheral region) in a day 21
rat with unilateral thalamic lesion at birth. Note
the dendritic trees of some ganglion cells tend to
shift toward the central retina (empty triangles).
The axons in some of the ganglion cells were labelled
distinctly (black arrows) and could be traced upto
the optic disk. Scale bar: 100 urn.
Fig. 3.5
animals in all developmental stages were found to concentrate in
the temporal crescent at the far periphery of the temporal
retina (Fig. 3.1). Only a small portion of labelled cells were
distributed sparsely in retinal regions outside the temporal
crescent which is defined as the nasal retina. This pattern of
having the majority of the IPRGCs concentrating in the temporal
crescent observed in developing rats was very similar to that
found in adult animals as described in previous chapter.
3.3.3 Number of labelled IPRGCs
The numbers of labelled IPRGCs recorded on different
postnatal days in normal animals and animals which received
either monocular enucleation or thalamic lesion at birth were
depicted in the graphs as shown in Fig. 3.6 to Fig. 3.8.
As shown in Fig. 3.6, the total numbers of IPRGCs in normal
rats and rats with single lesions had initially no significant
difference with one another on the day of birth, or day 0, with
an average number ranging from 3275 to 3623 cells per retina.
The number of labelled cells in normal rats declined rapidly in
the first five postnatal days. It was then followed by a slow
and gradual decrease to reach about 1000 cells per retina on day
14 and the change eventually became level off afterward. The
pattern of changes observed in lesioned animals was strikingly
different from that in the normal controls. Instead of a
Fig. 3.6 Graph showing the changes in total number of IPRGCs
during the postnatal development in normal rats (N)
and rats with either unilateral eye removal (E) or
thalamic lesion (T) at birth. Note the continuous
decrease in number of IPRGCs in N group and the
abrupt increase in number of labelled cells in the E
and T groups on day 1.
Fig. 3.6
DAY AFTER BIRTH
Fig. 3.7 Graph showing the changes in number of labelled
IPRGCs in the temporal crescent of normal rats (N)
and rats with either unilateral eye removal (E) or
thalamic lesion (T) during the postnatal
development. The increase in number of IPRGCs is
more obvious in group T than in group E rats
especially on day 1.
Fig. 3.7
DAY AFTER BIRTH
Fig. 3.8 Graph showing the changes in number of IPRGCs in the
nasal retina of normal rats (N) and rats with either
unilateral eye enucleation (E) or thalamic lesion (T)
at birth during the postnatal development. The
number of IPRGCs in group E is consistently higher
than that in group T animals and the difference is
most obvious on day 2.
Fig. 3.8
DAY AFTER BIRTH
The pattern of changes in number of labelled IPRGCs in the
temporal crescent (Fig. 3.7) over the postnatal period studied
was more or less similar to that found in the total cell count.
From the starting value of about 2500 cellsretina in all three
cases of animals on the day of birth, the number of labelled
cells continued to decline in normal animals until reaching a
steady level of 900 cellsretina on day 14. In the T Group and
E group, a surge in number of cells vas also observed on day 1
which was followed by a rapid loss of cells until day 5
thereafter a stable value of about 1550 cellsretina in E group
and 1700 cellretina in T group was achieved. The cell numbers
obtained in the two lesioned cases were at all times higher than
the corresponding normal value but no significant difference was
found between those lesioned groups starting from day 3 to day
continuous decline as found in the normal rats, the numbers of
labelled IPRGCs in both cases increased abruptly to peak on day
1, with 4066 cellsretina in E group and 4527 cellsretina in T
group. A subsequent decrease in the number of IPRGCs was found
in both cases in the following days until a steady level of 2200
cellsretina was reached on day 5 and afterward, which was
significantly higher than the number in normal animals.
However, it was found that there was no significant difference
between the number of labelled cells found in the two lesioned
cases at any postnatal stage except on day 1 in which the number
in T group was significantly higher than that in E group of
animals.
21 though the average number of cells in T group was invariably
slightly higher than that in the E group of animals.
The changes in number of labelled IPRGCs observed in the
nasal retina (Fig. 3.8) in normal rats and rats with neonatal
lesions were somewhat different from the patterns described
above. Although the numbers of labelled cells observed in the
animals with either eye removal or thalamic lesion were
obviously higher than the continuously declining normal values,
a more significant surge in number was recorded in the E group
on day 2. In fact, the number of labelled cells in the nasal
retina was found consistently higher in the E group than the T
group in all postnatal stages of development.
3.3.4 Area of the temporal crescent
As shown in Fig. 3.9, no significant difference in the
total area of the retina was observed on various postnatal days
between the normal rats and rats with neonatal lesions. The
retinae in all animals showed little growth in area in the first
three postnatal days but they underwent a period of rapid growth
between postnatal day 3 and day 5, thereafter only a slow and
gradual increase in area was observed. However, the growth in
area of the temporal crescent in the normal and lesioned animals
was obviously different, as illustrated in Fig. 3.10. The area
in the three groups of animals at first increased slowly in the
Fig. 3.! Graph showing the growth in total area of retinae in
normal rats (N) and rats with either unilateral eye
enucleation (E) or thalamectomy (T) at birth during
the postnatal development. Note there is no
significant difference between the three groups of
animals throughout the postnatal period.
Fig. 3.9
DAY AFTER BIRTH
Fig. 3.10 Graph showing the postnatal changes in area of
temporal crescent in normal rats (N) and rats with
neonatal eye enucleation (E) or thalamic lesion (T).
The differences in area of temporal crescent between
the three groups first emerge on day 5.
Fig. 3.10
DAY AFTER BIRTH
Fig. 3.11 Graph showing the changes in percentage of retinal
area occupied by the temporal crescent in normal rats
(N) and rats with neonatal eye removal (E) or
thalamic lesion (T) during postnatal development.
Difference between the T group and other two groups
appeared on day 3.
Fig. 3.11
DAY AFTER BIRTH
first three postnatal days then followed an abrupt expansion
between day 3 to day 5 and the change was slowed down again
thereafter. Initial difference in area of the temporal crescent
was observed in day 3 retinae, in which the area in the T group
was significantly greater than those in the other two groups.
The area in E group, however, was invariably larger than the
normal's though the difference was not significant.
With regard to the possible error which might arise from
the different degree of shrinkage during the preparation of the
retinae, the growth of the temporal crescent were presented in
term of changes in percentage of retinal area occupied by the
temporal crescent during the postnatal development. It was
shown that the percentage of retinal area occupied by the
temporal crescent increased during the first five postnatal days
and then the changes became level off (Fig. 3.11). A greater
increase in percentage of retinal area was observed in T group
starting from day 3 as compared with the other two groups of
rats. The values in normal controls and E group overlapped
considerably but on day 21 a sudden increase was found in the
latter group.
3.3.5 Density of IPRGCs in the temporal crescent and nasal
retina
The density of labelled IPRGCs in the temporal crescent, as
shown in Fig. 3.12, declined continuously and rapidly during the
first five postnatal days and reached a more or less steady
level from day 5 onwards. On the day of birth, the density in
normal controls was much higher than those in the lesioned
animals. However, the density of IPRGCs in normal animals
decreased drastically on day 1 and fell significantly below the
values in the lesioned groups. Thereafter, the discrepancy was
insignificant as the densities in three groups of animals tended
to approach a similar level and this was maintained until day
21.
The changes in density of the labelled IPRGCs in the nasal
retina during the early postnatal stages were also investigated
in this study. The data were obtained from counting the cells
in 6 retinal regions in the nasal retina with a grid placed in
the eyepiece (Fig. 3.1). In general, the density of labelled
cells in all regions of the nasal retina of normal animals
decreased continuously until a steady level was attained on
postnatal day 5 (Fig. 3.13). The values obtained in the
periphery were consistently higher than those in the central
retina at the early postnatal stages but this centro-peripheral
different disappeared from postnatal day 5 and the cells were
quite evenly distributed in the whole nasal retina.
Fig. 3.12 Graph showing the changes in density of IPRGCs in the
temporal crescent of normal rats (N) and rats with
neonatal eye removal (E) or thalamic lesion (E)
during the postnatal development. Significant
difference in cell density within this region between
the normal animals and animals with neonatal lesions
could only be observed on day 1.
Fig. 3.12
DAY AFTFR BIRTH
Fig. 3.13 Curves showing the postnatal changes in density of
IPRGCs in different grids or regions (see Fig. 3.1)
in the nasal retina of normal rats (N). The cell
densities in all grids have the trend to reduce
continuously throughout the postnatal period.
Fig. 3.13
DAY AFTER BIRTH
Fig. 3.14 Curves showing the changes in density of IPRGCs in
different regions in the nasal retina of rats with
neonatal eye enucleation (E). Note there was a surge
in cell density on day 2 in all regions except grid
1, especially in the upper retina.
Fig. 3.14
DAY AFTER BIRTH
Fig. 3.15 Curves showing the postnatal changes in density of
IPRGCs in different regions of nasal retina in rats
with neonatal thalamic lesion (T). In contrast to
those observed in E group, the cell density in upper
retina (grid 2 to 5) in general decreased during the
postnatal period while those in the lower retina
(grid 1 and 6) tended to reach a peak on day 2.
Fig. 3.15
DAY AFTER BIRTH
The density of labelled cells in the nasal retina of E
group were strikingly different from those found in the normal
animals. Although the cell density in most regions of the nasal
retina was lower than the corresponding parts in the normals on
the day of birth, it was found that there was a sudden surge in
the density curves obtained in most regions of the nasal retina
(Fig. 3.14), especially in the upper retina. Nevertheless, a
steady level of density was eventually reached in all regions on
day 5 which was considerably higher than the values observed in
the normal animals.
In contrast, the changes in density of cells in the nasal
retina in T group was not so dramatic as that found in the E
group. In general, the density curves showed continuous
declined in first five postnatal days and became stabilized
afterward (Fig. 3.15), but the values were still considerably
higher than those found in normal controls.
3.4 Discussion
3.4.1 Pros and Cons in using WGA-HRP as retrograde neuronal
marker in this study
Wheat germ agglutinin conjugated to horseradish peroxidase
(WGA-HRP) (LaVail and LaVail, 1974; LaVail and Sugino, 1984)
together with the horseradish peroxidase (HRP) were used as
retrograde neuronal markers for labelling the IPRGCs in this
study. The reason for choosing the lectin conjugated peroxidase
in addition to the unconjugated peroxidase for labelling the
neurons was very simple since it has been demonstrated that the
nerve cells have higher affinity for the lectin-conjugated HRP
than the true HRP (Pugh and Kalia, 1982; Jen, unpublished
observations). Therefore the cells labelled by the WGA-HRP were
more distinct and this was crucial in identifying the IPRGCs
with considerable accuracy especially in day 0 to day 3 retinae
in which the labelled cells were densely distributed in the
small temporal crescent.
The WGA-HRP is also superior to the fluorescent dyes in
studying the developing ganglion cells because it is a very
stable neuronal marker which makes cell counting and pattern
reconstruction an easier task, without the problem of blurring
and fading of the label as that observed using fluorescent
dyes. On the other hand, the use of WGA-HRP is not without a
problem. The most critical one is the possible transneuronal
transport of the tracer which has been demonstrated in mature
visual system (Itaya and Van Hoesen, 1982; Jen et al., 1984).
Although we cannot rule out totally this possibility, the
problem of transneuronal labelling of cellular elements which
may not be ganglion cells seems unlikely to affect the results
and interpretation of this study for several reasons. First of
all, retrograde transneuronal labelling using WGA-HRP has not
yet been reported in developing visual pathways. Transneuronal
anterograde labelling in the developing rat visual system has
been reported in a recent study by Itaya (1988), but the
labelling was extremely sparse, and more importantly,
transneuronal transport of WGA-HRP was detected only when a
fixative consisting of 4% paraformaldehyde, 0.2% glutaraldehyde
and 0.03% picric acid was used but not in materials fixed in 1%
paraformaldehyde and 1.25% glutaraldehyde as used in this
study. Besides this, the results of preliminary experiments
showed that the number of IPRGCs obtained from preparations
using WGA-HRP as tracer was not significantly different from
experiments using other tracer such as Fast Blue (Jen,
unpublished observations). For this reasons, the WGA-HRP was
chosen as the neuronal marker for studying the IPRGCs in the
present experiments.
3.4.2 Development of the normal uncrossed retinofugal
projections
A large body of evidences obtained from studies in rodents
and other species such as cat has shown that there is an excess
number of retinal ganglion cells and optic nerve axons on the
day of birth, and most of these exuberant ganglion cells and
optic axons are eliminated during the first postnatal week of
development (rat: Linden and Perry, 1982; Lam et al., 1982;
Potts et al., 1982; Perry et al., 1983; Sefton and Lam, 1984;
Crespo et al., 1985; McCall et al., 1987; hamster: Sengelaub and
Finlay, 1981; Sengelaub and Finlay, 1982; Tay et al., 1986;
rabbit: Robinson et al., 1987; cat: Ng and Stone, 1982; Chalupa
and Williams, 1984; Williams et al., 1986; Wong and Hughes,
1987). These findings lead to the suggestion that there is a
period of naturally occurring cell death during the early
postnatal development of the retinofugal pathways, which may be
responsible for determining the number of retinal ganglion cells
and thus the size of the retinofugal projections found in the
adult animals. Evidence for natural cell loss during
development also arises from studies showing pyknotic ganglion
cells and degenerating neuronal profiles in the developing
retina during the period of cell death (Cunningham et al., 1982;
Giodano and Cunningham, 1982; Dreher et al., 1983; Perry et al.,
1983; Penfold and Provis, 1986; Beazley et al., 1987; Provis,
1987; Horsburgh and Sefton, 1987).
In the rat, the phenomenon of an initial overproduction of
neurons and subsequent elimination of some of the cells in the
developing uncrossed retinofugal pathway has also been
reported. Using HRP and fluorescent dyes as retrograde tracers,
Land et al. (1981) had shown that there was an average of 5643
IPRGCs found in each retina in the neonatal rats and the number
decreased to 1022 IPRGCsretina in the adult. In other word,
there was a loss of 82% of the total population of IPRGCs found
in the newborn albino rat during the postnatal development. In
another study done by Jeffery (1984), which had used the HRP as
the neuronal marker and the Hanker-Yates method, an initial
number of 11485 IPRGCsretina was found in the newborn hooded
rats and the number reduced in the first five postnatal days to
reach an adult value of 3239 IPRGCsretina. Hence, a 72% loss
in IPRGCs during the postnatal development of the uncrossed
pathways was observed in these animals. The results obtained ii
the present retrograde tracing experiments on the normal
development of the retinofugal projections in albino rats have
confirmed the findings in previous studies. A continuous loss
of labelled IPRGCs not only in the whole retina but also in the
temporal crescent as well as the nasal retina, was observed in
the first five postnatal days and then the number decreased
gradually to the adult value on day 14. The duration of
ganglion cell death found in the uncrossed projections coincides
with the period of ganglion cell loss observed in the retina in
which the adult value of ganglion cell number was reached by a
rapid loss of ganglion cells in the first 4 or 5 postnatal days
in rats (Potts et al., 1982; Dreher et al., 1983; Perry et al.,
1983). However, the total number of IPRGCs recorded on various
postnatal days was different from those obtained in previous
studies (Land et al., 1981; Jeffery, 1984), with an average of
3624 IPRGCsretina on day 0 to 1067 IPRGCsretina on day 21.
Such discrepancy reflects either a difference in strains of rats
andor different neuronal markers and reaction methods used in
labelling the retinal ganglion cells. Nevertheless, there was
71% of the total population of IPRGCs lost during the postnatal
development in normal albino rats, which was the same as the
estimation obtained by Jeffery's study.
In summary, the results obtained in the normal albino rats
showed that there was a continuous loss of the IPRGCs during the
first two weeks after birth. The natural cell death occurred
both in the temporal crescent and the nasal retina. About 70%
of IPRGCs that existed in the newborn rats was eliminated during
the period of cell death so that the adult number of IPRGCs was
established between postnatal day 5 and day 14.
3.4.3 Development of the aberrant uncrossed retinofugal
projections in rats with neonatal lesions
Recent studies in rodent species have shown that the
enlargement of the uncrossed retinofugal projections after early
eye removal is due to the preservation of originally widespread
neonatal projection pattern found in newborn animals (rat: Land
and Lund, 1979; Maxwell and Land, 1981; Bunt et al., 1983;
Manfold et al., 1984; mice: Edward et al., 1986; hamster: So et
al., 1978; So et al., 1984; Woo et al., 1985) which would
normally retract to form the restricted pattern observed in
adult animals. It has also been shown that the extensive cell
loss during the first few postnatal days by which the adult
number of ipsilateral projecting cells is achieved can be
prevented by unilateral eye removal at birth (Jeffery and Perry,
1982; Linden and Serfaty, 1985; Jeffery, 1984). This leads to
the proposal that neonatal eye enucleation can rescue some of
the transient IPRGCs so that a larger number of IPRGCs can be
retained into adulthood, thus leading to the formation of an
enlarged uncrossed retinal projections in the enucleated rats.
Similar explanation has also been offered to the observation of
an enlarged uncrossed projection induced by unilateral tectal or
thalamic lesion (Linden and Perry, 1982; Linden and Serfaty,
1985). This is based primarily on the observation of an
increase in IPRGCs in rats with neonatal thalamic lesion
comparing to the normal animals.
While the results obtained from developing rats with
neonatal eye removal and thalamectomy are basically in support
of the concept that unilateral neonatal lesions may result in
the reduction of loss of IPRGCs, several new findings were
obtained in this series of experiments. The most important
observation is that the number of IPRGCs, instead of decreasing
continuously as in normal animals, increased and peaked on day 1
before the number decreased rapidly to reach a steady level on
day 5, which was considerably higher than that in normal rats.
As the surge of IPRGCs observed in rats with neonatal lesions
was not found in any of the normal rats studied, the results
suggest that the neonatal lesions do not simply result in
arresting the neonatal pattern as commonly believed. The facts
that there are about 25% increase in number of IPRGCs in the
enucleated group and 40% increase in the group with thalamic
lesion on day 1 when compared with the initial numbers found on
the day of birth, while the number in normal rats is decreasing
rapidly at this time, suggest that many of the ganglion cells
which normally do not project ipsilaterally had redirected their
axons to enter the ipsilateral tract following the lesions.
This point will be discussed in the following section.
Another major observation is that the two neonatal lesions
appeared to affect the developing IPRGCs differentially
regarding the changes in number of labelled cells in the first
postnatal week. A larger increase in number of IPRGCs in the
temporal crescent was observed, especially on day 1, in rats
with thalamic lesion in comparison with enucleated rats of
corresponding ages. On the other hand, the number of IPRGCs
found in the nasal retina of enucleated rats was consistently
higher than that observed in rats with thalamic lesion, which
was most obvious on postnatal day 2. Futhermore, a difference
in the effects of the two neonatal lesions upon the IPRGCs was
also detected by comparing the density of ganglion cells
distributed in the nasal retina. Neonatal eye removal in rat
leaded to a general increase in cell density in all regions on
day 2 especially in the upper part of the nasal retina. On the
contrary, a continuous decrease in cell density in most regions
of the nasal retina in rats with thalamectomy was observed.
These results together with the findings in adult albino rats as
described in previous chapter and those obtained in hooded rats
by Linden and Serfaty (1985) provide strong evidence that
neonatal eye removal and thalamic lesions probably affect two
different populations of developing IPRGCs which exist
transiently during normal development. Whether the additive
effects of the two single neonatal lesions as found in the adult
animals (Jen and Chan, 1988) can be also observed in developing
animals which receive double lesions at birth is surely an
interesting question which needs to be answered by further
investigation.
3.4.4 Possible mechanisms involved in the development of
aberrant uncrossed retinofugal projections
An important observation in the present developmental study
is that the number of IPRGCs increases significantly after the
neonatal lesions rather than decreasing continuously in the
normal animals. This observation raises the question of what
mechanisms are involved in generating the enlarged uncrossed
projections. Considering that the visual system of newborn rat
is still quite immature, a likely explanation of the findings is
that some of the retinal axons are still growing towards the
optic chiasm at the time when the neonatal lesions were made.
These axons may enter the ipsilateral tract after the lesions
and therefore labelled by the tracer. Since the increased
population of IPRGCs has not been observed in normal developing
rats, because the number of cells decreases continuously after
birth, these cells probably represent a population of ganglion
cells which normally project contralateral but have redirected
their axons as they reach the optic chiasm to enter the
ipsilateral tract. The reason for rerouting of the late coming
fibers is probably due to a lack of proper interaction of
growing retinal axons as a result of neonatal lesions. In those
cases in which unilateral eye removal was performed, the entire
population of retinal fibers from the enucleated eye is
eliminated, whereas the contralateral projecting fibers from
the eye that originates the aberrant projections are removed in
animals with thalamic lesion. In addition, the thalamic lesion
may also remove a population of fibers which may originate in
the lesion side and terminate in visual centers ipsilateral to
the eye from which the aberrant uncrossed projections arise
(Stevenson and Lund, 1982; Stevenson, 1983; Reese, 1987).
Therefore, it is possible that the removal of different
populations of axons in the developing optic pathway results in
a diminished interaxonal interaction between the fibers removed
and the remaining but growing axons, which in turn leads to
rerouting of different sets of axons. This is evidenced by the
findings of the additive effects of the two neonatal lesions
observed in adult rats, and a significant difference in the
number of IPRGCs observed in the temporal crescent, for
instance, between rats with thalamic lesion and eye
enucleation. However, many of the uncrossed fibers including
those which have rerouted into the ipsilateral tract probably
cannot make appropriate synaptic contacts and are eventually
eliminated. This explains why there is a rapid cell loss
following the peak in cell number on day 1 in the first
postnatal week.
The second mechanism which might be involved in generating
the enlarged uncrossed optic projections induced by neonatal
thalamic lesion is related to recent findings of a population of
bilaterally projecting retinal ganglion cells in the adult rat
and golden hamster (rat: Jeffery et al., 1981; Jeffery and
Perry, 1982; hamster: Hsiao and Schneider, 1980; Hsiao, 1984;
Hsiao et al., 1984). In the adult animals, only a small
Another mechanism which needs to be considered for the
generation of the enlarged uncrossed projections by neonatal
thalamic lesion is completely different from those described
above. Based on the observations that transection of the optic
tract either by unilateral tectal ablation or thalamectomy at
birth results in severe cell death in the contralateral retina
(Perry and Cowey, 1979; Perry and Cowey, 1982; Linden and
Serfaty, 1985) but an increase in number of IPRGCs in the same
retina, and also the dendrites of many of the IPRGCs are
fraction of the entire population of retinal ganglion cells
project bilaterally. It is possible, however, that there might
be more bifurcating ganglion cells, which is not unlikely
considering the the fact that there is an overproduction of
retinal ganglion cells in early stage of development.
Therefore, a tract lesion such as thalamectomy which injures or
interrupts the contralateral branches of these cells may result
in compensatory sprouting of the ipsilateral branches which
normally would have retracted. If this is the case, the results
would serve as supportive evidence of the hypothesis proposed by
Schneider and his colleagues (Schneider, 1973; Devor and
Schneider, 1975) stating that developing neurons have a tendency
to conserve their total quantity of terminal arbors. The
crucial point of course is whether there are more bilaterally
projecting retinal ganglion cells in newborn rats than in the
adults. This issue can be probably resolved by double labelling
techniques.
oriented towards the nasal retina which was depleted of ganglion
cells (Linden and Perry, 1982; Perry and Linden, 1982; Linden
and Serfaty, 1985), it has been suggested that the dendrites of
the aberrant IPRGCs may compete for afferent influences from the
amacrine cells or bipolar cells. According to this hypothesis,
those IPRGCs which fail to form appropriate connections will be
eliminated during the period of cell death in the first few
postnatal days. The elimination of some of the IPRGCs can be
prevented however by removing a population of ganglion cells
neighbouring the IPRGCs and therefore reduces the dendritic
competition, thus resulting in more IPRGCs surviving into adult
stage. The hypothesis of dendritic interaction seems to receive
supports from other studies showing that developing dendrites of
the retinal ganglion cells have the tendency to grow into the
retinal area which has a lesser ganglion cell density (Ault et
al., 1985; Eysel et al., 1985). On the other hand, it can be
argued that competition between dendrites for synaptic sites may
not be an important factor in regulating the ganglion cell
survival in rats since detectable conventional synapses formed
between ganglion cells and amacrine cells can only be found on
the postnatal day 11 and 12 (Weidman and Kuwabara, 1968), and
synaptogenesis of bipolar synapses is first observed on
postnatal day 13 (Dubin, 1970; Sosula and Glow, 1970), both
occur long after the period of major ganglion cell death.
To summarize, the findings of a significant increase in
IPRGCs in lesioned rats on the postnatal day 1 and 2 comparing
with the observations of a continuous decrease in IPRGCs in
normal rats after birth provide strong evidence that there might
be rerouting or misrouting of growing axons into the wrong
tract, which results in the formation of the enlarged uncrossed
projections. Several possible mechanisms including rerouting of
late coming fibers due to a lack of proper interaxonal
interaction, compensatory sprouting of ipsilateral branches of
bilaterally projecting cells and dendritic interaction might be
involved in generating the aberrant uncrossed projections.
While the hypothesis of interaxonal interaction can explain the
effects of both eye removal and thalamectomy, the second and
third mechanisms are alternative explanations for the aberrant
uncrossed projections induced by thalamic lesion.
3.4.5 Changes in area of temporal crescent and density 01
IPRGCs within this region in developing retinae
In normal rats, the great majority of the IPRGCs is located
in the temporal crescent (Cowey and Perry, 1979; Jeffery et al.,
1981; Jeffery, 1984) which occupies about 12-20% of the total
retinal area depending on the strains of animals. Only a few of
the IPRGCs scatter in the nasal retina. These observations are
confirmed by this study in albino rats. In addition, the growth
in the area of the temporal crescent in developing normal rats
and rats with neonatal lesions was also examined. In both
normal and lesioned animals, a continuous increase in the area
of the temporal crescent during the first 5 postnatal days was
observed and the increase became level off from day 5 onwards.
However, the growth of temporal crescent in rats with thalamic
lesion was obviously much faster than those in the normal and
enucleated animals, with a significant difference first detected
on day 3. Comparison between the normal and enucleated animals,
also indicated that the increase in area of temporal crescent
was consistently higher in the enucleated group than that in the
normal controls. Moreover, it is interesting to find that the
original discrepancies in density of IPRGCs in the temporal
crescent on day 1 disappears in the following postnatal day so
that a similar cell density in the temporal crescent is
established in normal rats and rats with neonatal lesions.
The expansion of temporal crescent in rats with neonatal
lesions may be interpreted as a result of exploration for more
dendritic space of developing ganglion cells in the increased
population of IPRGCs within a very limited area in the temporal
crescent so as to maintain a constant density of IPRGCs within
unit area in this region. This seems to be supported by the
finding that the developing dendrites of the retinal ganglion
cells tend to shift towards retinal regions which have been
depleted of retinal ganglion cells by a neonatal tectal lesion
(Linden and Perry, 1982; Perry and Linden, 1982). This
phenomenon was also observed in this study showing clearly that
many IPRGCs had their dendrites orientated towards the nasal
retina in rats with neonatal thalamic lesion. Further evidence
for supporting the role of dendritic interaction in defining the
final distribution pattern of dendritic trees of retinal
ganglion cells comes from observations on the effects of focal
retinal lesion made in neonatal rats on the neighbouring
developing retinal ganglion cells. In adult rats with such
focal retinal lesion made at birth, the retinal ganglion cells,
especially those lie along the border of the depleted region,
have their dendrites grown into the evacuated sector (Ault et
al., 1985; Eysel et al., 1985). The requirement of the retinal
ganglion cells for the dendritic spaces may also be revealed in
studies on the topographic distribution and dendritic morphology
of large ganglion cells in the retina. It has been shown that
dendritic territories of alpha cells in cat and rabbit retinae
cover the retinal surface very economically, with little
overlapping among the dendritic trees of neighbouring alpha
cells (Wassle et al., 1981; Peichl et al., 1987). Studies in
rats has demonstrated that the increase in dendritic field size
of Type I ganglion cells is accounted for by the decrease in the
overall ganglion cell density or more specifically by the
decrease in density of Type I cells (Perry, 1979; Dreher et al.,
1985; Schall et al., 1987). Hence it seems to suggest that the
dendritic territories of retinal ganglion cells are determined
by the nearby retinal spaces available and it appears that the
retinal ganglion cells may compete for retinal spaces through
their dendrites during the development by which the retinal
topography is achieved.
Based on the findings in previous studies on the
development of centroperipheral gradient of ganglion cell
density in rats (Dreher et al., 1984; Perry, 1984; Schall et
al., 1987), there are three mechanisms including differential
retinal growth, differential cell death and transretinal
migration which may be responsible for producing the enlarged
retinal area in the temporal crescent of the rats with neonatal
lesions. The first possible mechanism is differential cell
death. It has been demonstrated in the present and previous
study (Jeffery, 1984) that there is a substantial loss of IPRGCs
during the first 5 postnatal days in rats. This period of cell
death correlates well with the time in which the difference in
the area of temporal crescent in normal and lesioned animals
first appears and then becomes stablized. Therefore, it can be
suggested that there is differential loss of IPRGCs, probably
greater in the central border of the temporal crescent than in
the far periphery, that limits the size of the temporal crescent
in normal animals. Neonatal lesions may lead to retention of
these ganglion cells from being eliminated. It should be
pointed out here, as discussed above, that the loss of IPRGCs
can be prevented as a result of rerouting of late coming fibers
or compensatory sprouting of the ipsilateral branches of
transient bilaterally projecting retinal ganglion cells, which
increase the number of IPRGCs and therefore the area of temporal
crescent. Although it has been shown in this study that the
retinae in all animals continue to expand throughout the
postnatal period, it seems unlikely for the growth of retina to
participate in establishing in the difference in area of
temporal crescent between the normal and lesioned animals since
it has been shown also the total area of the retina and the
initial area of the temporal crescent in all cases of animals
are essentially the same. However, this mechanism may play a
role in the uniform growth of temporal crescent especially after
the postnatal day 5 in which the expansion of the temporal
crescent in the lesioned animals is stabilized. The last
possible mechanism in which the enlarged temporal crescent in
the lesioned animals may be established is transretinal
migration of the IPRGCs within the temporal crescent. Although
there is no direct evidence to prove this point, it has been
shown, as discussed above, that the dendritic trees of
developing retinal ganglion cells have the tendency to grow into
the retinal region which has a lower ganglion cell density
(Linden and Perry, 1982; Perry and Linden, 1982; Ault et al.,
1985; Eysel et al., 1985). Furthermore, the period of rapid
growth in percentage area of temporal crescent in the lesioned
animals (day 2-day 5) corresponds well with the second stage of
structural differentiation of retinal ganglion cells in the rat
(Maslim et al., 1986) in which there are active dendritic growth
and no apparent synaptic contact has yet formed between the
ganglion cells and other cell types at that time (Weidman and
Kuwabara, 1968; Maslim et al., 1986; Beazley et al., 1987;
Horsburgh and Sefton, 1987). Hence there may be the possibility
that the crowded aberrant IPRGCs in the temporal crescent may
migrate into the neighbouring central retina with lesser
ganglion cell density, either passively or actively, by the
growing dendritic trees so that a larger area of the temporal
crescent is obtained. This may also explain why the initial
discrepancy in cell density of IPRGCs between retinae of normal
and lesioned animals disappears as the temporal crescent starts
to expand in the lesioned animals since the normal sizes of
dendritic field of the IPRGCs can be maintained as the cell
density in the temporal crescent decreases during the
transretinal migration.
CONCLUSIONS
The results of the present retrograde labelling studies and
their implications on mechanisms governing the development of
normal and anomalous uncrossed retinofugal projections in albino
rats using either fluorescent dyes or mixture of WGA-HRP and HRP
as neuronal markers are summarized as follows:
1. As shown by the results of retrograde fluorescent labelling
studies, uilateral eye enucleation and thalamectomy
performed in newborn albino rats both resulted in an
enlargement of the uncrossed retinofugal projections, as
evidenced by an increase in the number of IPRGCs in adult
rats with neonatal lesions.
2. The effects of neonatal eye enucleation and thalamic lesion
upon the preservation of aberrant IPRGCs are different. In
rats with neonatal eye removal, a larger increase in number
of IPRGCs was observed in the nasal retina, which contrasts
with the observation of a more significant increase in cell
number within the temporal crescent in rats with thalamic
lesion at birth, when compared with those found in normal
animals.
3. The differential effects of the two neonatal lesions upon
the preservation of aberrant IPRGCs seem to be additive, as
evidenced by a further increase in number of labelled
IPRGCs, both in the temporal crescent and nasal retina, in
rats with both lesions performed simultaneously at birth.
These lead to the suggestion that there are two different
populations of IPRGCs which respond differentially to the
two neonatal lesions.
4. The results obtained from the developmental studies
confirmed previous observations in the rats and other
species by showing that there was initially an
overproduction of IPRGCs in newborn albino rats followed by
a continuous loss of cells during the first five postnatal
days, or the major period of cell death, so that the adult
number of ganglion cells found in the normal uncrossed
retinofugal projections was achieved.
5. The finding of a surge in number of IPRGCs following the
lesions before beginning of the process of cell elimination
suggests strongly that the enlargement of the uncrossed
retinofugal projections in rats with either neonatal eye
enucleation or thalamic lesions was not only due to
retention of transiently existed IPRGCs, as commonly
believed, but may involve other factors such as rerouting of
late coming optic fibers, compensatory sprouting of
ipsilateral branches of bilaterally projecting retinal
ganglion cells and collateral sprouting of contralateral
projecting ganglion cells induced by the neonatal lesions.
6.
The differential effects of the two neonatal lesions upon
the aberrant IPRGCs could be observed as early as on
postnatal day 1, when the increase in number of IPRGCs in
the nasal retina was found in enucleated rats while those
with thalamic lesion showed an increase in cell number
mainly in the temporal crescent. Evidence for differential
effects of the two neonatal lesions on the developing IPRGCs
also arises from studies showing that neonatal eye
enucleation resulted in a surge in density of cells
especially in the upper half of nasal retina whilst cell
densities in the nasal retina in rats with thalamic lesion
in general decreased continuously throughout the postnatal
period.
7. The increase in number of IPRGCs in the temporal crescent of
the lesioned animals was accompanied by an expansion of the
temporal crescent. This resulted in maintaining a constant
density of IPRGCs in this region which was basically the
same as that observed in normal animals in the same region.
This observation suggests that there is a tendency for the
developing retinal ganglion cells to compete for more
retinal space for the growth of the dendritic trees and this
may be one of the factors involved in the formation of the
adult retinal topography.
8. The formation of the normal and anomalous retinofugal
projections is obviously a very complicated process which
involves many factors such as binocular competition between
the developing optic fibers, intraretinal dendritic
competition and axonal interaction between optic fibers from
two eyes at the optic chiasm. Further investigations are
certainly needed before the nature of various kinds of
interactions that are involved in determining the
development of normal and aberrant uncrossed projections in
the rat can be clarified.
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